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In the past hall' cutitiiry nstrontiiiuTs have prnvidi'tl innnkirul vviti) i\ new view of the 
univcrsu, with ]LUirtipses of llii* n;iluru ol intiiiily iiiul eteniily lluu hci^pi the itilugiiuttioii. 
I*iirlieiiliiriy, in Ihc past Jeuatlu, NASA's urhiting spiieuerart us w^Hl as [iroiincl-biised 
UN(n>fiomy liiiVL' brtuight U) niairs uttiintiuii heavenly bcnlies, scjurceH dI energy, stcUuraiul 
palactic ptiuitoiiiena, al^out thg naturu of which the wurltrs scictiltsts caii only surnHse, 

l^sottric as thesu new diKcovcries may be, astrnnoinurs Iciak io the anlieipiitctl Space 
Telescope tci provide iinpnivutl uiulerKtaruliniz of these phenoinuna as well m of the new 
secrets of the cosnioH w^hich tliey cKpcct it to unvciL This Instrunient, whieh ciin obHerve 
objeets up tc 30 to 1 OO timus fainler than those aeeessible to the iiiost powertu! Eurlh-baseLl 
telescopes II si Hiniilar tuchniciues, will eKtend the use oFvurious astronoinieul nietlunis to 
niucli greater distances. It is not inipossihie that observatiaiiB with this telescope will provide 
glinipses of some of the earliest galaxies which ^^urc formedj and there is a remoter 
possibility that it will tell us soniething ubout the edge of the universe. 

The researches of the past 10 years^ plus the possibility of even more ruiulamuntal 
discoveries in the next Llecadc^ are faseiimting laynieii and firing the imagination of youtlu 
NASA's inquiries into public interest in the space program show that a major source of such 
interest is stellar ami galactic ustrononiy, NASA's enabling Act^ the Space Act of 1 9585 lists 
a pririary^ purpose of NASA, *Hhe e^cpansion of human knowledge of phenomena in the 
atmosphere and space**; the Aet requires of NASA that '*it provide for the widest 
practicable imcl appropriate disseminution of inforinalion conceniing its activities and the 
results of those activities." 

In the light of tlieabovej NASA is publishing for science teachers^ particularly teachers 
of secandary school chemistry, physics, and Barth science, the following four booklets 
prepiired by the Anierican Astronomical Society (AAS) with the cooperation of NASA: 

rhc Supernova, A Stellar Spectacle, by Dr. C. Straka, 
Department of PhysicSj Jackson State University, Jackson, 
Mississippi. 

Extragalactic Astronomy, The Universe Beyond our Gala.^y 
by Dr* Kenneth C, Jacobs, Department of Astronomy, 
University of Virginia, Charlottesville, Virginia. 

ChemLsery Between the Stars, by Dr. Richard H. Gammon, 
National Radio Astronomy Obseivatory, Cliarlottesville, 
Virginia. 

Atoms in Astronomy, by Dr, Paul A. Blanchard, Theoretical 
Studies Groups NASA Goddard Space Fli^t Center, 
Greenbelt, Maryland^ 



[hi* Ntiiiufiiil Scicnc- roiuufatiofi has uonpcratcd in this prdjcct hy I iiniliiiLH'Dr the 
AAS u Wij^h Schcn^J Astroiiofny lulucatinn Workshtip iti Jiiiii' 1974 i\\ the Uiiivursity o\ 
Kichiiioiiii 111 iwUcr \o i^ivc the niaiuisuipts a ihorouith puUu|U)gii; rcviuw in ternis ol' 
curriciilar tvk'Vjince aiul cJassroon! use. 'VUv VK'Suliln^ \n\b\\ci\\\()m pT(}y\^^^ 
nl ivciMii ^ljsi'ov<.Mics hi the L'Dsmos, aiul of ihc nature of ihv scieiihllc tlioiight and 
fci'luiiques liy \vliicli scirdUsts arc tryihu fo uiHlorstaiid (liese discovcrieH. 

NASA e^prrsscs lis apprcciafiori to tliu authurs and to the rncnilicrs citMhe AAS Task 
<;roup on i'duciithii in Astivinuniy ( IXil^A). vvhuHe enttiusiasni and energy carried the 
fuojeet fu cnmplutiiuu particidurlv to !)r. (lerrit Verseliuur, Directur of {he Fiske 
Plafictarium , University ot C olorado, who serveil as Director cjf the project; I)r, Donat Ci, 
Went/el, Astronoiiiy Progranu University of Maryland, initialor of the proji^ct; Dr. Paul II. 
Knappenberi^cr. Jr., Dtivctor, the Science Museum of Viriunia and Chairjnan t he TCJFA, 
who served as W orkshop Director, and Mernian Chirin, Fxecutive Officer of the American 
Astronomiuul Stieiuty. To those who were enrolled in the Worksliop and lo otIUTs whose 
judgnients and suggestions helped give the rnaiUiseripts the necessary seientifie and 
eurrieular validity, NASA isizratefuh 

Apprcciatinn is alsi) expressed to the National Science rouruhition for its support of 
the Workshop, to the University of Richmond for its cordial and efficieiit service as host to 
the Workshop, untl to the NASA GodUard Space Flight Center for its assistunce in muking 
possible the publication uf this project. 

Technicnl fVlonitor lor the prqieet was Dr. Nancy W. Boggess, Staff Astronomer, 
Astrophysics DiviHion, OlTicc of Space Science, NASA. Coordinators of the project were Dr. 
Nancy G. Ronuitu Chief, AstronorDy/Relativity, Office of Space Science, NASA, and Dr. 
Frederick B. Tuttle, Director, Iklucational Programs Division. Office of Public Affairs, 
NASA. Assisting until his retiremeiit in June 1974, was Mr. Myrl H. Ahrendt, Instructional 
Materials Officer, Fducational Programs Division, 
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A NOTE TO THE TEACHER 



This brochure is designud to present in a single unit a new field of astrononiy, and is 
intended for the high school teacher of physics, cheniistry, astrGnomy, or enrth science 
courses. Some of the eoncepts and language may be untamiliar; the final translation of this 
material to the appropriate student level kt\ to you, the teacher. Probably only your best 
students will be able to read this unit without your interpretation. To aid you in explaining 
this material to your students^ make use of Ih^ comprehension questions following sections 
III through VIII, fespectively, the supplemental material at the end of the unit, and 
especially the section of demonstrations and projects. Many of the ideas tor things to do 
were generated at a teacher-astronomer workshop, sponsored by the National Science 
Foundation and hekl in Richmond, Virginiaj in June 1974, (Special thanks to Jeanne Bishop 
and Ed DeJulio for their help in putting fh^sc ideas together.) Teachers wishing to contact 
the author may write him at his present address: Battelle Pacific Northwest Laboratories, 
Bateile Boulevard, Richland, Washington 99352. 



Richard H. Gammon 
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CHAPTER I 



CONCEPTUAL GOALS OF THIS UNIT 



To achieve the concepliial goals of this unit, the stuili*iit sliouki attain a guiiorul 
uiultTStaiiding oTthu lulkiwing: 

A. The physical conditions in inlurstcllar space in cninpnriHcin with thustj of the 
Harth, inirticuLiiiy in reiiard to gas tlensity , temperatiiro, and radiation. 

B. rile concept or iiuanti^etl moleciilar niulion (electrunic, vibralionaK rotuliunal); 
the eurrespanding energy ranges of radiation (ultraviolet, visible, infrared, ruclio); 
the windows of atniosphcric transparency. 

C. Metliods for iJentilying niolecules in space; delinition of a spectrum and tlie 
inrorniation it can give about the ehemistry anti physicnl conditionH in interstclLu^ 
dust clouds, 

D. The ''organic" nuiuru of interstellar chemistry; tlie kinds of molecules founcj; 
some possible ways these niolecules are made and destroyed in space, including 
the role oT the interstellar dust giains. 

E. Application ol" our knowledge of interstellar molecules to study the birth of ntars, 
the structure and movement of our galaxy, the history of interstellar matter, and 
the origin of the universe and of life. 
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CHAPTER II 



REVIEW OF BASIC CONCEPTS 

MiiUcr may \k scparuted inlc) i\\l> siiiiplcsl siihslaiiccs, tuUllctl I'k'niuuis. Hacli uluiuenl is 
nuide up of atoins nf nnly 1)111' kind. Atoius n( ditTcrcnt efcinciUH nmy cnnihiiic chcinically 
In rnrni a ( iinipniind Any cluMiiiL'iil i/iMiibiiiiitinn of iwn km iriuiv atoms is lNiIIl-^I a nuilvculv^ 
A fniXfurc is u uoiiihiiiatitMi ordilTctvnl sul^slunccs that cm he scparal^tl only hy physical 
incaiis: a coinpoiind can he separaicd tnU) its L'tirisliliicnt ck'incnts only Iiy chcniical ineLiiis, 

The siniplcst clcinciii is liydrogei!. livery alt)iii ol:' liydrogv^ii has otic <posilively 
chariied) prninfi In the iuicIcuh, aroiaul wliiuli tjrbits m^^ Kni^gutivcly d\[\P^^-^\) cU'cirofL 
Aimm of the heavier elenieiits have more prcUuiis in the iuicleus, as well as a luunber ol 
neutral [lartieles. ealled ntiilnNis^ und a eorrespoiuliiiji.ly nivalcr iiuiiib^r of orbiting 
eleetroiis. The number ol protons, the uloinic nunihcr, iietwriiiines the ele.niental nature ol 
an atom. Atoms a( the same elentent vvhieh have diflVrerit n^nribers (if neutrons are called 
mopes. Isotopes [n\* distinguished by aioinic wci^^ht, the siirn of Kie weights of all the 
iiulivitlual protons and neutrons in the nucleus. 

KfWt'gy is the ability to do work. Hnergy can be eiassirieU us poiunikd or kinetic. 
l*otenlial etiergy is, for exanipic, the storcil untl ready enoirgy of i\ buttery, or li mousetrap. 
Kinetic energy is the energy ol' an object in niotion = cKam[?le, a speeding car. The 
average kinetic energy of the random niotions of moleculef^ in a gus is ineasined as the gas 
rvinpvmturv. Hxcept in nuclear reactions, energy is conservech Hnergy may be traiismilled 
through enipty space in tlie Ibrm of s^uvcs of clcctr()niami^^h' rculIatiijiL Hot only visible 
light, but also X-rays . id radio svaves are examples of electrontugrictic rucliatioiu 

riie inu/ucncy (f) of a wave is the number of wnvecTOfR passing by each seconcL The 
wciivlcN^ih (X) is the distance between consecutive wavecrests, The frequency and 
wavelength of electromagnetic waves are related through the speed of light ( c = 3 X 10^^ 
cm per second ). 

Xf-c 

Hlectroniagnetic waves are not continuous hut rather are dividt^d (quantised) into small 
definite atnounts of energy called pifniofis. T1ie energy (E) of a single photon depends upon 
the fret|uency if) of the radiation as 

hf 

where h is a fiuKlamental constant of c|uantimi physics called Planck's constant (6.6 X 1 0'^*^ 
joule-sec). 

All matter emits a type of electromagnetie radiation enHed limmal radiation since the 
intensity and wavelength emitted depend upon the temperature of tlie matter. Hot stars and 
light bulbs emit white light; cooler stars and toasters emit r«d light; our bodies send out 
infrared radiation; and cold gas clouds in space emit radio waves. The cooler the matter, the 
longer the wavelength of the emitted thermal radiation* 
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Sijicc ii'tiiisis fu\.'il i<i i.Ajii'1'ss \\'\y Kirj,H' ;iiul vits' snuill i|ii;iiit ilii's, they im sticiirH'fc 
iHiliilii»Jl, L'Xjiii.'ssiiiti iiiiii)hi'r-s ill |iti\vi'i!i of fi'ti; Inr eNiiiiipIo, 2') 7()() 2,^n X 
0.0015 - 1.5 X 1 
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CHAPTER II I 



THE MATURE OF IMTEfiSTELL4fi SPACE 

Our Sun is a typic^iil stair, siiiiilur to many flic ^stiiiuiteil luiiuird Nllit::5n s^iiir^ lli4jl 
fogt^llicr Ibrin oiir giiiJi>cy, the 4//Mr 1%% \/ie\wtyil f>onn g^^lrupluctU spcij, III Milky 
%voukl look nuicli like? thv* spirul ya|a?cy Anili-L.?iiiL*dii (llgiire I ), one of our closi^^l 
neighboring giLliiKi^H. Like Aiulroineda, tliu JlilKy Vliiy k utlink-bhufULl cuIlcctSon of ^\i\rs, 
yus, aiitldust a yiiliict iuphimD^^rap]] rua)rdubait 10^ ligjl years (ly) iicroHii* ton leHslhun 
10^ ly thick. [One ligli t ycur is ilie distuiiicliyLlit cni\^d^ i n erne year, t^r itboit* trillia n 
miles ( 6,000,000,000,000)! 1 

The spice het^vceii the slurs is alninsl empty, ^iighculHc eenliiiietcrwoiit;idiiit'ig(>iU|i e 
average only one hydrogen atoriUiij, - I pvr c\n^ I For cuiiipurisoii, the ilunsiry ol' th c 
Birth's; aiinaiif>here isutiuiit 10^ ^inclecules mi^K pulJi^t jc gas iiiul ilu?4|iirw?noUvi?iil3' 
spread throiigliout spac^^ Inii are eollecteil into i^iitlt^riis of tlen^er iiiLiieri*il culled '^Hpir^al 
iinns.'* Ill Hpiru I guhixie^ like mir own imd -\iulr^^iiit^ilu <ripi!rc I), lliuse ariiis,cl^\!iirf y t Wu^*l 
by briglit youiigKturH unci lu lies of JuHt, apiicar tuuiicniloLilw^irU iVoiii thu center, OurSiisi 
ii; loeutiHl nione of lliu^e iiniis at a distiiriee of JQ,O0() light years frora Ihtjeu nl^T^ For UH, 
tlie eeiiter of t lie Milky Way \m in tlie d bclluriyf thugaiistdlutiuriS^^^ 
The entire^ vast eollectioiu)f stan, gu^, aEuUliist jiii^wh^^N^ ^lu^^vly about ils ecu Cei^ ul such -.i 
rate thtii we eoiiipJete the ^alactie irjeny^go-rnuikl oiiiju g^wery two Iiunilreclni illjc^ii y curH 
(We've ^oii« araiiiHl once since ih^jagu ol' diiiouurM> 

Keepitig in mi ml tNiN lurger view of llit* Wilk)/ Wuy an tl oiir |ilace with la it^let tiik ii 
clo^^T look at i}}U'^'}iii'lf€jr spiiiw the neurly eiiiply ^5|Uiuu* butwcJeii Ihcstiirs froiai vvliis^Ii wh^ 
caine, Must of llie olisurved inattuf iii our gnhi^y hu^scurideiiHed iiito r 
light years apart. Tu visiiali:*^.e the distunce tetweeii stars, shrink our Sun to tflio ^l/^e of mI 
pin^^fQiig biilU and place it in Now Yorl^ Cily ; llicii tlit' giin^'paiig Inills re|)ix^.K'n tingau f 
nei^liborin^ sta th wchIlI lie p laeed in CoU>rodo! 

Stiirs iiiiike up ruujhly 90 perL^cMit of ilio iiiasiujiili^^ Milky VVay /Hie reiiiiji^^ 
percent of phi dig niattfi^rnol nuwiii tlic^ fcn^iii (ifsuirs iSNu-^itlerea iiiieveiily llir<%ti(Hitt|iii) 
vm reuehes of iiU4jr^lellar spaue. Tiii^ ^tiitlN)e tk ^wth i:aHed iiuumvJkr maWvr, 
c^olIuHiK in gruut ru^guil initclies uf yus unil iliisl eulled ntei'^it^lkr vhnuJ^^T\m\^ \^\m 
ubotil 1 0 pierce lit of iiiterNtullar spauc aiul mnie iiui^^n'roin blobs >vithiu1 iiiitieli^rkH-^ 
than 0, 1 liyhl year ii|) to enarnioiis blankuts of ps ^tr^tchiJiy Mtom 50 light ycurH cir tnorLr, 
^^ithin these e|()ULlsJli4,MiuiiibeT tleiislty of liydrc^^^^ atoms varies rr^im 10 |Kt t'lii^ in 
'"Ihiir ciouilH toniore clian lOOO peruin^ hi IhtMlewralurkef^icmds, 'Hu>ii|ih iiHiA.ii iiiur*) 
tlense tliaii the guluelic avu^ragy of one ii toni per LMn\ thu^^l' elouds *^ti!l represdu ^miJiiiiy 
pert4)ut vaeuiin^ by eartl^ly st^iiulurds. This tyrni^eriiture vwltli jii iiitefstellar elc>i^^^ \% y<^Y low% 
ItJHs than 1 QO'^ Ku^lvliu or more than JSD^ helov ^'ero Bilifunhuit. The OO porconlof 
ifiterstellar face btlwy^ii til g lIuhI eloiiU iitLuii Hotter < T> 1 0'^ K) ;iiid cininieiMiii, < 
OA fier m'^l 
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In iippear;ince, iiiterstclhir spucu looks likt* the sky on u stormy ciiiy. Tlic iiitrntcllur 
cloLuls mwmbic turbuknt slorni clouds, s^vi^ling streuiners uiid ragged dumps continually 
evuporatin^, upndensinu, and colliding vvitli each other every niillion years or so. Within 
these douds. long known as the birthphiue of new stars, u great variety of organic nioleeulcs 
huvu reevntly been discovered. To understand how such a rich elieniiHtry might lake place in 
space, need first to know what kinds of alums make up thegas and dust lii clouds. The 
cusniic Lifnindunees of the most coinnion elenients (table I) have been cletermined froni 
cheniieai analysis of the Hurth's crust, nioun rocks, meteorites, and the light reaching us 
from die Sini and other stars. 
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Tfie inlerstdlar nuitter exists in psL'Ous and solid torms. The gas consists ahnost 
entirely of hydrogen (90 percent) and heliiim (10 percent) in relative amounts that have 
clunii^eLl little since the beginning of the universe. The cosmic abundance ofelements heavier 
than helium is constantly increasing as these elements are produced in stars by miclear 
fusion reuctions at temperatures of more than n niillion degrees Kelvin. All of the elements 
lieuvier than lieliurn together constitute only ^ 0,2 percent of the hydrogen ubtindunee by 
number of atoms, or about 1 percent Iiy niass, The most abundant of tliese 'Mieavy*' 
elenients are carbDn, nitrogen, and oxygen. These three elements are found in the gas. in the 
eleniuntal utomic Ibrnu and also in molecular combination with each other and with 
liydrogtMu 

Most t>r the elements heavier than oxygen are largely missing from the interstellar gasj 
having fro^^en out of the gas as small specks uf dust called infmiclkir Mrciuis. The interstellar 
miilter is irudiially being enriched in the heavy elements wliidi make up these grains as ne^ 
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stars Wrrm out of ilic interstellar uus. convert hydrogen to heavier ulcnieniK. unU eventually 
retuni this reprneessud nuilter to interstellar space, sometimes in the violent nuinner of a 
stellar explosion (sec the unit on supernovLie), In this cycle, wlueli takes about 10^ years, 
the interstellar lUist grains uceuniulate as a kind of stellar debris or star dust. What arc iliese 
grains like? Rocky'? Asli? Though still not eertain, there is good evidence that the ir^ ^ \Mlur 
dust grains are a fine grit of mixetl sandy and sooty particles of irregular shapes anu '^led 
sizes. These iiniins are very eftcctive in blocking out starlight, so that to us the > ul 
interstellar uas anLl dust appear as dark silhouettes against the haekground of surroumling 
stars (figure 2). For this reason, the astronomer Herschel spake of the interstellar Just 
clouds two huiidrcil years ago as "holes in the sky/' From the way hi which the dust 
scatters the starlight, astronomers have determined that the dust grains liave an avcnigc size 
or ^0*1 niicron, (One niicron is one millionth of a hieter: therefore, one centimeter^ 10^ 
microns.) Althuiigh the dust grains are very scarce compared to the hydrogen utoins, one 
dust pain for every 10*° hydrogen atoms, these grains play a very imporlant role in making 
and destroying iiiolecules in dust clouds. 

In order to undcrstund hcnv moteeules form in dust clouds, we need to know not only 
die kinds and amounts of atoms hut also the physical conditions (table II). In partic;ular, 
what are the Ibrms of energy available to heat the clouds, to help make and break the 
niolecules found thereV In compmason to conditions on Uarth or near a star, tlie interior ot 
an interstellar cloud is quite a cold and dark place, with teniperatures not lur above absahite 
zero, liven at sueh low temperatures, there is kinetic energy in the random motion of tile gas 
and dust. There is also potentiarenergy in the gravitational attraction ol^ each part of the 
eloutl tor the matter in the rest of the cloud. If this gravitational seir-attraction is much 
greater than the kinetic energy, then the cloud will certainly contruct to ibnn a newstar. If 
the kinetic energy is greater, then the clnud will evaporate and disappear as its matter 
spreads out with time, niucli like smoke or a droii of ink in a glass of water. 
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in addition to kinciiij utul potciiliul cncryy, lliu cloud ivjciv^s onuriiy in the I'nrm of 
rudiation rrom Ihu surrcMindinu inlurstellar spucu, nkctrtiinagncliv radiution (micmwnvif J R. 
VIS, UV, XR, izaninui) and higl^cncrgy cosmic ray particles constantly strike the cIuiuIh 
rroni all sides. The cloud is Initlied in the diffuse liiilit of iill the sumninding stars within a 
lew thousand liyht years. This starliylit is the average of stars of diflerent icmperaturcs 
(colors) hut is strongesi in the ultraviolet ruiige (near the wavelenptli 1000 A). Tliesc 
UV rays have enough energy to start must cliemieal reactions, hy hreakiny chemical bonds. 
This starlight is effectively hincked hy the interstellar tlust urains and can therefbre 
penetrate only the outermost layers of a dense dust chukL Nlalccidcs deep within u dust 
cloud are protectetl by the dust from this destructive ultraviolet radiatian, much as the 
1-arth^ atniusphere protects us from most of the Siurs liarmful UV rays. More energetic 
radiation, such as gamma rays and cosmic ray parLicles with energies greater than one 
hundred million rlct frun vohs, can pass eompletely rhr )Ugli even the densest dust clouds, 
(CJne electron volt is the enerMy an electron receives in being accelerated across an electrical 
potential of one volt,) 

Radiation of longer wuvclenpth than visible lighl (Ibr example, infrared, microwuvc, 
radio) is better able to ^Miend around^^ the dust particles^ and thus to penetrate deeper into 
interstellar chuids. In particular, all spaee (including the dust clouds) is evenly lllled with the 
eosniic niicrowavc radiudon. This radiation, discovered in 1965 by scientists at Bell 
relephone. is ihermal in nature, equivalent to the rudiuiion emitted by an object at a 
tempeniturc of 3 Astronuniers think this radiation is the remnant of the firebidl at the 
explosive origin of our universe (see the uniion e^iragulacric astronomy), 

I he interstellar clouds also possess tlie kinetic energy assaciatcti with the swirling 
streams and flows of gas within clouds, and with the collisions between diflerent elDudsut 

supersonic speeds 10 km s^^ or 20 000 mph). Within the denser interstellar clouds 

those contracting to form new stars the most iniportunt energy souree is the conversion of 
gravitational potential energy into kinetic energy as the cloud shrinks, |A laniiliar cNuniple 
of the conversion of potential to kinetic energy woukl lie an apple talllny from a tree. 
Belbre it falls, the apple has the gravitational potentliil energy of its position high in the 
tree. As it lulls to the ground, this potential energy tneconics energy of niotion (kinetic). 
When the apple hits the ground and stops, it is wurmed (slightly) us the kinetic energy is 
converted to heat J In the ease of the collapsing niolecular cloud, the gas and dust, heated as 
the cloud contracts, coolfs again by releasing this energy in the Ibrm of inlVared and 
niicrtnv;iye radialion. 

HiHTgy is also contained in the magnetic fields in interstellar clouds. These fields, 
although ;ihoul 10^ times weaker than the Harlh's magnutie fiekb have an important elTect 
on the shape and stability of the clouds. 

And finally, there is the energy released by spofituneous chemical reactions within the 
clouds. The most iniportunt of these reactions, W + II fl^ + 4 eV, converts hydrogen trom 
iitomie to molecular fornt, In equilibrium each of these energy sources has about the same 
amount of energy. 

The unique nature of interstellar space results in a uiiit|ue chemistry. As shown in table 
III, the interstellar clouds are much colder and much le^n dense than is the atmosphere of 
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till; Uurth or of a typical star. Most J^tars ixrv siniply loo liot to ullow aioms to stay baiiiu! 
together as mulcculus, Tlie strengtli of the clieiiiica! bond between atoms, a luw uli^ctroii 
vults, allows inolcuulus to survive only near stars like the Suit (T 6000 K) or cookr. 
MdWcuIcs can't exist in very hot places (T ^ 10"* K), like the regions of ianized hydrcgm 
surrouiidiiig bright vuiing stars, or in iiioAt of interstellar space outside of the tlust clouds. 
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What kind or eheniistry is possible in dust clouds where teinperatures are inueh lower? 
At the ticnsity typieul of interstellar clouds, the molecules iii the gas collide with eaeli otlicr 
only about onee u year on the average, after traveling a collision-rree distance Irom here to 
the Sun (I AU). A chemieal reaction ciiii take place only when the react hig atoins or 
molecules collitle. The chance o( collision is obviously decreased by decreasing the nunibur 
density of particles. Lowering the temperature also decreases the collision rate by reducing 
the speed ot' the colliding particles. 

Not every collisian leads to u chemical reaction. Most reactions between stable 
niolecules recpiire excess initial energy {at'iivuiiofi cinrMy ), even if the llnal products lire 
more stable than the starting reactants. The most iniportant ericct oT the low temperature iii 
dust clouds is that less energy is available at the monient of CDllision Ibr overcoming this 
activation barrier, 

The two eftects of decreased teinperature and density combine to make cheinicul 
reactions in space much slosver than on Earth. Compared to conditions on Karth, colllsiDns 
between molecules in interstellar cluuds are rare indeed, and those infreciuent collisions 
vvhich do occur are much less likely to lead to a chemical reaction, 

A consideration of these slow reaction rates, as well as the harsh radiation in space ^ led 
most chemists and astronomers to the conclusion that only very simple molecules would 
forni in interstellar space. They were ustonlshed in the late 1960s when large orpnic 
molecules were first discovered in dust clouds. How were tliese molecules detected and 
identiried? To answer this t|uestlon* wc must first have a brief Introduction to niolucular 
spectroscopy, which is the study of niolecules by means of their characteristic radiations or 
^'spectral fingerprints." 
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COMPREHENSION QUESTIOlMS 



Q- CompLirc tlic dc!isity fLLluniH/cm^ ) and tcinperLituro (depv^s Kelvin) in (a) a lypicul 
interstcllur cloud, (b) tliu spuce between the intersklhir wKuids, and fc) the Hurth's 
atnipsphcre. 

A: (a) lOdO^ en^^ 10-100 K;fb)<0.1 cn^^ 10^ K:(c) 1 0^ crir^ 30O K. 

Q: Name the tlvc niosl abiuulaiit elements in the universe. What is tlic ivlutive abundanec 
ut'eaeh conipnred with that of hydrogen? Oriuin of eucli? 

A: II, tie, C, N, and 0 (sije table 1). Ilyilrogen und heltum luivc been pruseiit since the 
beginning: athers arc inailu in stars. 

Q: Wluit are interstellar uraEns niude oP? How are they rarincU? 

A: I'ine sandy and sooty particles, rormed troni mutter ejected from stars. 

Q: What are tlic main energy sources in interstellar clouds? Which is tbu largest? 

A: Kinetic energy of random itiotion, potential energy of gruvitationul su! (^attraction, 
inturstellar rudiution and cosmic rays, niagnctie nulds* mul clioniical ruuctions. AH are 
rouglily equal in energy. 
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CHAPTER IV 

SPiCTROSCOPY: ATOW&i IVIOLECULES, AND LIGHT 

Atoms Lire stranger Ihun busebulls. Nuwtuii's laws of motiun dgscrihc the inotion of 
baseballs, but luil to describe tlic unfaniiliur world oratonis.Tlie beluivior of mutter on the. 
iitomic scale 10'^ em) is described by tlie theory oUiiuintum mvctiauivs, Lieeording to 
whieh, a particle's energy and position are quaiitiKcd or divided into very small units 
measured in terms of Planck's constant h (li ^ 6 X 10"^^ erg-sec.) 

Let's consider the hydrogen atom. The single electron moving around the nucleus must 
occupy one of u fixed number of orbits or energy levels. Since the orbit is quanti/cd, so is 
the energy of the electron in that orbit. In Che lowest energy orbit (the ^njiuul siate). the 
electron is closest to the nucleus. If sulTiciynt energy is provided (e,ii., heat, light, collisioii 
with another atom), then this ground sWte electron c;ni be boosted (excited) to a higher 
energy level or state, into un orbit fartlier Trom the nucleus. In this process, the atom 
absorbs a deilnite amount of energy us the electron '^jumps'' (makes a transliiofi) from the 
ground to the excited state. In the reverse process {sponnun^ous effilssion), the electron 
jumps from the e^^efcted state to a lower energy state as the atom emits a photon (quantum 
of radiation) wliose energy precisely equ^ils Tlie diriurence in energy between the two states. 
These downward riidiutive transitions are very rupid. For examplt^. excited atoms which emit 
photons of visible light only remain in the excited state ibr about 10^^ seconds. The energy 
of each electron orbit depends on all t(ie other electrons circling the nucleus and on the 
charge of the nucleus. 

Since this churge is different ibr atoms of different elements, each element hus a 
unique set of energy levels and hence emits mil absorbs u characteristic ^/>i^£7n/;//, a unique 
set of plioton energies, Tlie study of ihcm ebctronic trunsitioiis in atoms is culled afoniic 
siwctmscopy. The nieasured spectrum, i\ kind of atomic fingerprint, is a record of the 
aniount of energy absorbed or emitted by u particular atomic species as the wavelength of 
the analyzing rudiution is varied or "swepij' When the energy of this radiation agrees with 
the difference in eiiergy between two levcia of the atom, the spectral record will show a 
sudden dip or peak (a ^'spectral line'') depending on whether the atom has absorbed or 
emitted the ratliution. The process of swei^plng the wavelength of the radiation to find an 
agreement (''resonance'') is exactly the mxm as sweeping u radio dial to find a station. Each 
kind of atom and niolecule has its own ''stations.'' 

A niolecule us a union of atoms also behaves in a quantum mechanical manner. What 
was said about tnmsitioiis in atoms also applies to the more complicated motions possible in 
molecules. The bonding electrons in a molecule do not move in circles about a single nucleus 
as in atoms but rather in complex noncireuluT orbits about all the atoms in the molecule. As 
in the atomic case, the motions of electrons in molecules are quantized. Because molecules 
contain more than one atonu nuclear motions are also possible. The atoms in a molecule can 
vibrate against each other in the manner of bulls on a spring, and the entire molecule can 
tumble end-over-end (rotate). Each of th^^e airferent kinds of molecular motion (electronic, 
vibrationah rotntional) is quantized and to each there corresponds a unique set of quantized 
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cncruy levels. DinVrctit inulcculur species ulisorh or emit cluinictenHtie pliatoiis oF a 
wellHleriiied energy when they uiulergu tnuisitioiiH rroni one eiiergy level to another. The 
stiuly of the structure of nioleeules by means of these truiisitions is called frnHvciilar 
s/WL/r(iSin/}]\ C^urerul labonitory measLirenients of the iniitjue speetrii of many different 
iiioleeLiles have usually tillowed aslroeheniisls to decide whieli nuileeule is prnducing a 
tletucted inlerstellnr "station" or spectral line. 

The dillerent types of moleeiilar motion with the corrusponding ranges of photon 
eiieruy nre presented in table IV. Also given is the typical liletinic of the molecide in the 
excited stiite und exmnples (if interstellar molecules identified viu their charaeterislie S|)uetru 
in eucli energy range. Notice the variution in liletime, from less than a millionth of a second 
for an electronic iransition to more than ten thousand years for a transition in the radio 
range. These slow radio-rrequcTicy transitions occlm^ between closely spaceil energy levels in 
,ljoth atoms ;md niolecules. Such fine splittings of energy levels can result, tor example, iTom 
a inagnetic coupling between an electron and the atomic nucleus, both of svliich behave like 
tiny magnets. 
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The molecular transitions which give the most inlbrmation about the interstelkir 
chemistry are those in the microwave range, associated with ehanges in the rotational 
energy. I^or example, a rapidly tumbling molecule of carbon monoxide spontancouKly emits 
a microwave photon and then tiunbles more slowly since some of the enei^gy of rotation has 
been converted to microwave nidiution. One reason that rotational transitions of snial! 
molecules are a useful probe of interHtellur clouds is that the energy spucing between 
rotational levels isToughly equal to the kinetic energy of molucules in the gus. ThiHmeatis 
that a molecule can be knocked into higher rotational states (miide to tumble faster) by 
collisions with other molecules in the uas. 
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COMPREHEIMSION QUESTIONS 



Q: Name the types of molccLilar motion that correspoiicl in energy to (a) ultraviolet- 
visible, (b) infrared, and (c) microwave radiation. Give an example of an interstellar 
species observed in each of these energy ranges. 

A: See table IV. 

Q: Why are rotational transitions best lor observing moleculi^s in dust clouds? 

A: The spacing between rotational energy levels is about uiml to the energy of molecules 
in the gas. 
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CHAPTER V 
^OLECULiARSIGISIALS FR0IV1 SPACE 



Interstellar space is criss^crDsscd by waves of riuliiition of all energies, fram radio waves 
to guiiiinu ruys (figure 3), Most of this ratliiitian is blockgtl by the Kartli's utiiiosphuru and 
never reuelaosus. 
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Figure 3 Tlie dectroniognetic spcutrum unci the coinesponding trunsinission of the Earth's 
iiEinospl-iure iit tl ilTerent waveleiigtlm. 



Only in visifcle light iiiul riidio waves ciiii wt; loak out througli elear ^'windows'' in the 
utmospliefw to tlie unlv^erse bgyond (figure 3), From uneicnt times until the niiddle of this 
century, mm% view o!' the eosmos s^us li!iiited to wavelengths pussitig in through the 
"visible wiridow-^ (X= 3000^10 OOO A) in our atnio^pliore. Witli the liirth of the science of 
radio astTOn^iny artor^orld War II, ustroncmers began ta assemble a picture of the heavens 
in radio wisves (k 1 t;m4 0 m), which reuch us through thu ''rudio window/' Except for a 
few narrow fslits in the Inrr^iral raiige, the utniospliere s^^ses block thu radiation froni space 
atuli Mivcleiigths outside the riidio and visible windows. 

Since thu 1960s astrononiershuvc begun to study the hifrared luul ultraviolet radiation 
from ^pim b<y placing their tolescopes ubovu niostor all of the Earth's atmosphere with the 
aid of liigWIryiTigjetSj balloom.saiiulm rockets^ and orbiting astronomical satellites, Since 
molecules eniit mdiiitior of wavelengths l>om radio through ultraviolet, these recent 
observatioras Iri speetral ratips outside the visible urindow^, particularly those in the radio 
and nucrovvuve ramgejiuve provided a new unduntEmdiiig of the cheinlstry and the physical 
conditions iii in iers^te liar space, 
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InhMstclLir ilusi cloiiils coijlii only Ik* stiuliLul in (kiiwl iillcr \\w iU'VclnpiiiiMii of Ww 
Dpiicul '^poctidSL'opc ill the hc^iiuiiiiiz of lliis ucMliiry, With Ihis iiisliiinient iil Ihc* Incus of a 
iek'sci^pe, cnlleulal sliirlight ctnihl he s\w:ih\ nut (ilisporsiul ) into iis uoiislilui'til coitus or 
wavclciiuihs, js with ,i prisiiK allowintj Ww idciUityini! spccinil Iciliiii's ni ihllcicni iiionis 
Ami inolcculus to he iHstiiiguishetl (tvsolvcil ). The tiist two iiitetstelhir speeics iileniirieil In 
lliis sviiy were ioni/ed ealeiinn and neiifral sodium atoms, I aeh vvas tound ahsorhiiiu its 
itIentilVini/ radiation iVom the h^ht of certain briizhl stars, h)caled behind the ch)UtL 

By spreading out the collected slarlighi even nitne linely into its separate colors, later 
nieasnrements revealed thai each hroad absorptiiMi feature was usually a blend of several 
more narrow leatures, roruied in several distinct interstellar clouds svith ditlerent randoin 
nu)ti(iiis along the line of sight from the harth to the particular star observed. The slight 
increase or decrease in the frequency of receivetl radiation with motion of an interstellar 
cloud toward or away from the liarth is an example of the Dn/ip/cr f (sec (dossary). A 
more tainiliar example of this same et'tect is the dropping pitch t)f a passing train whistle. In 
the interstellar example, the Doppler shift in frequency is pn>portional to the velocity of the 
molecular cloud tciwaril or away from the liarth. I his motiiui is the couibinetl effect iif the 
rotation of the burth about its own axis, the revolution of the Karth ahcuit the Sun. and the 
nearly circular motions of the luirth and the cloud about the center of the galaxy. 

These optical measurements of interstellar atomic abscirption spectra gave an early 
piclure of the physical nature of interHtellar clouds. 71ie first clues about the iiature of the 
interstellar chemistry came with the detection of the first three interstellar molecules: CTI, 
i and the cyanogen radical CN. These three diatomic molecules were louiul in dusty 
regions of space, t)ften in the same clouds and with the same random motion us the 
previously detected calcium and sodium, selectively ahsorbiiig their characteristic nuliation 
from the light of bright stars behind these clouds (figure 4). 

fuieli of these three molecules is a (lialomie uni()n of carbon with either hydrogen or 
nitrogen, and eaeli is a highly reactive chemieid species, either u Jivr rat/iral (CN, CTDor a 
nudvcular ifui (( N" ). All three are fouiul iii the energetic environments of both candle 
names and comet tails, as unstable fragments of larger molecules (table V). , 

The observed abundance of these three moleeules relative to hydrogen is very low, even 
considering the relative cosmic abundance of the atoms. For example, the observed 
abundance of the molecule C\l compared with hydrogen is CII/II < 10"^ , which means there 
is less tlum oiie C(I nioleeide for every ten million hydrogen atoms. The relative abundance 
or carbon atoms to hydrogen utoms is much greater, C7II ^ 3 X 10"*. This means that only 
a small fraction of the available carbon is used to form these molecules. Where is the rest? 
And why do all three contain carbon? 

These chemical questions could not be answered from optical observations alone, 
which are limitetl to nearby clouds of moderate density by the blockage {extinction) of 
starlight by the interstellar dust. Only Ibr radiation of wavelengths longer than one micron is 
it possible to ^'see'' through the dust clouds to the far reujches of the Milky Way. Optical 
astronomers Ibund that starlight passing through interstellar clouds is not simply blocked by 
the dust grains but also becomes redder in color (is 'Teddened''), Figure 5 shows how 
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Figutu 4 The opticul absorption spectra of interstellar CN, CH^ , and CH, Above each 
spectrum is shown the corresponding pattern of rotational energy levels for the 
ground and excited electronic states of each molecule, Arrows mark the 
transitions, Tlie crosses (+) In the spectra show the eKpected position of the 
unobserved lines from higher rotational stateSi indicating that these molecules 
are very cold (T ^ 3 K), The broken arrows (—w^) Indicate that the spacing 
between the ground and cKcited states has been reduced, 



difterent wavelengths of starlight are blocked by the dust. From this graph, an average dust 
grain size of '^O.l/i can be determined. Notice the hump In the ultraviolet range (X ^ 
2200 A). This feature (the "signature of graphite'') may indicate that interstellar grains 
contain a sooty material like graphite. How much a certain cloud blocks the starlight also 
gives a measure of the gas density in that cloud, since astronomers find that there is a nearly 
constant ratio between the observed extinction and the abundance of gas in the same 
direction. 

Molecules and dust go together* Dust clouds rich in molecules are found to be the 
darker ones, the ones from which the harmful ultraviolet starlight is almost completely 
blocked. 
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Figure 5 - The blockage (extinction) of starlight by the interstellar dnst- at different 
wavelengths, The bump at a wavelength of X ^ 2200 A has been called the 
"signature of graphite/' Notice that ultraviolet light is mostly blocked, but 
infrared light is nearly unaffected by the dust. 
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Aln)iil llic siiiiic time lluil ihu sluirp optical liiu^s of (1U CI I'", and CN weru first 
jcluctciL several broLui tditTuse) iiUersielhir ubHorpiion redtiires were alsu Lliseovereil, tlio 
most proiiiinent at n svavelengtli 4430 A. Althuugh first cleleetetl in llie ]^)30s, these 
'\liffiisv Uucrsiclhtr llm/s'' have still luU been identifiet!, Suggestions for tlie origin of tliesg 
hroad lines nmge from liVLlrogen molecules to the ju^rphyriiis, a class of very eomplex 
organic moleeitles like chlorophylL Observalioiis do suggest lliat these diffuse lines are 
produceLl hy niolceules in ox on the ilust grains, or by the grains themselves. We will f now 
iiuicli more about the ehemical nature of the grains when the diffuse lines and the 
"sigiuiture of graphite" are i iiially understocnL 

Willi the advent of rockets ami orbiting astronomical observatories fOAO), eelestial 
measurements in the ultraviolet spectrum (X < 3000 A) from above the Earth's atniosphere 
have become possible. Sueli observations are similar in principle to the Earth-based 
measurements at visible wavelengtlis: interstellar atoms and moleeules are detected in 
absorption against bright background stars. Molecuhu- hydrogen (Hj), the most abundant ol 
all the molecules in space, was first detected in the early 1970s using an ultraviolet detector 
curried above the atmosphere by a rocket. 

More recent ultraviolet obsei-vations of the interstellar gas and dust from aboard the 
unmanned satellites like the OAO 'Topernicus'' has shown that the gas hi the regions 
between interstellar clouds is very -'thin'' (n^j ^ 0.05 cm"h and that the hydrogen is 
overwhelmingly in atomic rather than molecular form (H^/H < 10^^). In interstellar clouds 
of increasing density, the hydrogen is converted more and more to molecular form by the 
reaction, H + If + 4 eV, which takes place on the surface of the dust grains. Deuterium, a 
heavier isotope of hydrogen, was also detected in these denser clouds, in conibination with 
the normal hydrogen (H) as tlie molecule HD, 

Tlie satellite measurements have shown that the interstellar grains scatter and absorb 
starlight more efleetively in the ultraviolet than in the visible range (figure 4), For this 
reason the UV measurements are restricted to the interstellar clouds of lowest density and 
the liot regions between clouds. Only through these regions of low density can the 
ultraviolet starlight pass to Earth without being completely blocked by the dust. 

Satellites have also been measuring X-rays and cosmic rays from space. Since this 
'liard'' radiation can break all chemical bonds, it does not directly carry the ''fingerprints'' 
of interstellar molecules. However, interstellar cosmic rays and X-rays are important energy 
sources for heating and ionizing the depths of the denser interstellar clouds where no 
ultraviolet starlight can enter. 

Ground-based astronomical observations at infrared wavelengths are severely limited by 
absorbing atmospberic gases, principally water vapor near the Eartli's surface. Infrared 
astronomers have managed to get above some of this water vapor by placing infrared 
telescopes atop higli and dry mountains (such as the Hawaiian telescope on IS^dOO-foot 
Mauna Kea), or by sending them aloft in high-flying balloons or on jet planes (like the 
NASA Galileo), The best infrared ''windows'' are really just narrow cracks compared with 
the radio and visible windows. These bands of partial atmospheric transparency occur at 
fLir-infrared wavelengths near 10, 20, and 100 microns (figure 3). 
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Tilt; visil^le vviiuU)sv eKieiuling heyoiul is sliiiiimucl shut by strong water uhHorplion 
di 3^, The haiul is culkd the ''nuar infruroir* untl can be uhscrvetl from the prouiuL 
IlKrniul railiaiion in this haiul is uinillL'U hy cool slurs {T 3000 K), and it is in the cooler 
outer layers of such stars that rirciuHs/c/lar ntolvculcs ami tlust have been most cxteiisively 
stutlied. Vihrationul motions in most molecules prcHluce itlentiiying sjiectnd features in the 
U3iu hand. Some of the molecules itientiried in the light of cool, kmiinous stars include 
IICN, CN, CX), and TiO. Wlielher and how iliese circumstellar molecules can he sal'ely 
carried from their parent star into distant interstellar clouds, where many ol^ the same 
iiiolecides have been identiried by their radio spectra, is not yet known. 

hirrared observations have been more helpful in tleterminhii^ the chemical coriipurition 
of the dust liian of the gas. A wide emission feature oi^ lieated chvumstellar cUisl grains near 
lOjU is strong evidence for sanddike ininerals calletl silicufcs. In generaL the spectral leatures 
of solids are nuich broader and less definitive than those of free gaseous molecules or atoms. 
A very similar silicate Icature has been seen in IOm obsei^ations of the Orion Nebula (figure 
OK the plactic center (figure 2), Comet Bennett, and a Martian dust storm. This silicate 
feature is not produced by c|uart/ itself (SiO,) but probably by a mixture of silicate 
minerals like those Ibimd in meteorites. 

These sandy specks are believed to condense out of the oxygen-rich gases in the outer 
layers of certain cool ami luminous stars, 1(^ the parent star has instead more carbon tlum 
oxygen, then circunistellar grains of soot or graphite are expected to form. Grains of 
carhorundum (SiC) have been itientified in the ID-micron spectrum of one star with about 
an equal abundance of oxygen and carbon. 

As the circumslelkn' grain is blown away from its parent star by the stellar wind into 
interstellar space, ii probably grows larger as heavy elements in the gas strike the grain and 
stick. The mineral core of the grain very likely beconios coated by a shell of condensed 
atoms or even large stable molecules (CH^, NH^, HjO). (Remember that the Earth is a rock 
coated with lile!) The si/e of grains has been Ibund to increase with increasing distance into 
dense tlust clouds. In addition, the 2.7-micron infrared 'Tingurprint'' of ice has been seen in 
the spectrum of the dust in the Orion molecular cloud (figiire 6). 

In the future, infrared observations may be made from above the atmosphere with an 
orbiting infrared telescope of much higher sensitivity. With such an instrument, the infrared 
spectra of interstellar methane (Cli^ ) and carbon dioxide (COj ) will very likely be detected. 
Infrared astronomers will probe deeper into the tlark clouds to study the sites of star birth, 
already known as hot spots of intense infrared radiation (X lOOiu) from heated dust grains, 
and also as rich sources of interstellar molecides. 

Radio obser\'utions of molecules in tlust clouds have dominated our emerging picture 
of the interstellar chemistry. The ratlio window of high atmospheric transparency stretches 
from tht?Mast water absorption teature (X ^ 1 cm) out to the very long radio wavelengths (X 
^ 10 m) which bounce off the Eartirs loiiosphere. Since photon energy is proportional to 
Iretiucficy (E - hf), a radio photon has nuich less energy than a photon of visible light. The 
detector at the focus of a radio telescope is similar in principle to your home radio set and 
can measure even the extremely weak radio signals from space. All the radio energy 
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^rhe Orion Nehuku i\ liright retiioii of" swirling ioiii/cd giises about 1200 ly 
awLiy. Bi^hiiui the vihihlc nohuhi is an ciiornious blauk cloud of gns and dusl 
which conlaiiis scVLM'al ncwK lurniiiig stars us well as a iircal varicly of 
dillcrcnt molcgtilcs. [bx nbscivud sizes of strong eniissions IVoin water, 
liyilrogen cyanide, and carbon monoxide are imlicaled by the contour lines, 
riie IfC'N cloud is about 3 liyht years across, (Hale Obsen'atory photograph) 
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LH)lkx'tCil by nil Hic nulic^ li*kMH)pcs art>und llu' worki siiK'L* \\w beiiiiiniiiu of niclio 
nslruMDniy us u SL'iuncc ( ^ 1 *?45 ) is ih|iuiI \o thu kini^lii' eiiiM'uy nf owe rnlliiui siuiwriulas 

AlUunigli a workinu vniWo wk^cop^ luul bcoii dLnaHnpcd in iiic hMOsJt was not until 
the end 1)1 World War II tluit the lechniL'al ua|KibiHty ol' raihir was tiirned up to the heavens 
and the seienee of radio astrononiy lu'izan, l Aen the densest inleisleHar dust wlnnds, lotally 
inipencirable in visible liiiht. are transparent lo railio waves, whieh can "see^^ (hroiiLili the 
entire i?ala\>' and beyond. 

The ciisniie pri'dciininanee of hydroiien hue! Iwen reali/ed sinee (he M^U)s, abotil (he 
time dial the optieal spuctra of ('IP, C1|, inul C'N were In-sl oliserved, Bui it was no( unlil 
l^^5l that I'adio sikinals IVoin hydrniien atoms in interstellar spaee weru d^^tecled directly, 
ibis hyilropen 'MniLierprint/' which (iceurs at a waveleniith X - I em, was sooii used to map 
out for the first lime the vast pinwheeling spiral arms ol" ihe Milky Way in elouds of 
hydniizen i^a^. 

No new interstellar molecules were discovered for over 20 years. In 1^)63, tlie radio 
spectrum of the hydroxy radical (C)II) was detected at A - 1^- cm. Oil is a reactive diatoniie 
species (table V), and a reasoiiahle one to expect, piven the high cosmic aliundance of 
oxygen ami hydrouen (table I). 

With the detection of Oil, tlie tbeorctical viewpoint seemed conrirmed that conditions 
in interstellar space were too harsh \o permit any chcndstry more eomplex than simple 
diatomic molecules. Within 5 years, this theory was overthrown by the detection of the 
A - I cm ratlialion iVom the stable polyatomic molecule ammonia (NII^) in the enormous 
ilust cl()uds in the iialactic center (impure 2). A lew months later, strong microwave signals of 
water (lUO) were picked up jVum across the iiakixy, so strong in fact that astronomers soon 
reali/ecl that these signals couki otdy be prtHluecd by a natural interstellar ;;/^/.vcv% the radio 
cousin of the powerlul mamiuuie /fisvi\ 

The next year (1969) saw the first inkling of the organic nature o^Whemi^^iry in space 
with the detection of interstellar forinaldcliyile (II, CO), commonly known us embalming 
nuitk Since 1969. interstellar molecules have been detected so rapidly that the full list (tabic 
VI) already .ontains more thaji thirty dilTercnt molecular species, detected in more than 
100 tliflerent ''radio stations'' covering the wavelength range from X - 36 cm to A = 1.2 inm. 
Nearly half of these interstellar deteetions were made with the 36-lbot<lianietcr radio 
telescope operated by the National Radio Astronomy Observatory antl located on Kitt Peak, 
near Tucson, Arizona (figure 7). 

The best places in the sky to find new species have been in the massive interstellar 
clouds located near the galaetie center, in the constellation Sa^inarius (figure 2), and in 
roughly the opposite direction, in the very dense dust cloud behind the relatively nearby 
(1200 ly) Orian Nebula (tlgurc 6). The molecular signals of interstullar hydrogen cyanide 
(HCN), received from each of these sources by the 3fi-lV)ot radio telescope, are shown in 
ngure 8. 

Look again at the list of tletected molecules (table VI). Notice that most of the 
molecules in this list are organic (carbon-containing), polyatomic species, with as many a^-' 
nine atoms (CH^OCH^ ). Also notice that most are made up of the atoms of highest cosiiiic 
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F'igufv 7 The 36-rnntHlkiiiietcr mdio telescope or the Nutionul Rudio Astronomy 
Ohserviittiry, loeutcJ on Kitt Punk, near Tucson. Avhom, Nearly half of tlie 
known interstellar nioleeiiles were first roiuul with this telescope, which can 
fucus mul detect radio wavelengths In the runye X - I cm OJ em. 



abundance (II, N. C), L ), as is living matter, and tluit many are lamiliar on fuirth: water, 
ammonia, rormaldehydc, carhon monoxide, wood alcohol fCII^OlI), and rormic acid 
(CHfX)OII, the ^^sting'^ in a bee sting). Attempts to find even more complex compounds in 
space, like vinegar (CTI^COOII) and grain alcohol (CH^CM.OH), will likely l*e successful 
soon. Perliups even the simpler amino acids, already identified in meteorites, may be found 
lloating in interstellar ckiuds. 

With the future development of larger and more sensitive radio telescopes, many more 
new interstellar molecules will certainly be Ibund, not only in the Milky Way but in other 
galaxies also. At present, the only molecules tbund beyond the Milky Way have been OH 
unti tbrmaklehyde. 

Just how big can interstellar molecules becDmeV (Raniember the suggestion of a 
chlorophyll-si/e molecule to explain the difluse interstellar linesj And how can astro- 
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Figure 8 - Actual radio emissions from interstellar molecules. These signals were received 
by the Kitt Peak telescope (Figure 7) at a wavelength near X3 mm. Shown are the 
emissions of hydrogen gyaiiide received from the dust clouds in Orion and the 
galactic center. Also shown is the still unidentiried spectrum of ''X-ogen'' in the 
Orion cloud, perhaps prqciuced by HCO^. The vertical axis is proportional to the 
intensity of the received rudiution; the horii^ontal axis is frequency (like your 
radio dial), but converted by the Doppler relation to velocity in order to show 
the motion of the emitting cloud of gas. 
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clicinisis rcLilly tull wluit*s (lUl there Uiul how much there is of each element? Tliese ehemietil 
and physieal ciuustions lead us iiito the dark eluuds where these niuleeules are rormeil and 
i'roni svhich they senil us their radio sigiuils, 



COMPREHENSION QUESTIONS 

Q: Name the two nuiin windows in uur atmosphere. What happens to celestial radiation at 
otlier svavelengths? How are astrunomers observing tliese otlier radiations? 

A: Visible window and rutlio window (see figure 3), Other radiation is absorbed or 
reflected by the Hartirs atmosphere. Observations are made by going above the 
atnioHphere with rockets, balloons, and satellites. 

Q: What were the first three interstellar molecules discovered? How are they similar 
chemically? 

A: C\\, C'lr and CN (see figure 4). All contain two atoms, all contain carbon, and all are 
reactive species. 

Q: What evidence supports the sandy nature of the grains, the covering of frozen gases? 

A: The lO/u silicate ieature observed in spectra of the dust, the increase in grain size into 
dust clouds, and the 2J^ ''fingerprint*' of frozen water. 

Q: Name four interstellar molecules which are familiar on Earth. 

A: Water, ammonia, carbon monoxide, and ibrmaldehyde (see table VI). 
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CHAPTER VI 



MOLECULES AS INTERSTELLAR PROBES 



Locik again al riyinv H. Wliat can these niolecular signals tell us ubout intcrHtcllar splice? 
The firHt tusk is to iticntily ttic sender of tlic signals, l-acli tlilTcrcnt inoicculu! species has u 
unique set nf energy levels and hence a unique set orspuclral Icuturcs ('Mines") hy which it 
can bu identined. By uccurute labomtDry measurements oF rotational lines, the si/e and 
shape of many dit'lerent species have been determined. The geonietrics of sevemi known 
interstellar molecules are presented in Hgure 9, The lines between the atoms represent 
cheinical boiuls oT length ^ I A, 

The interstellar molecular lines are nut observed in space at exactly the same rrcquency 
measured in the laboratory, but appear slightly shifted to highuror lower frequency by the 
Doppler eflect. The shilH is very sniulK less than 0.01 percent of the laboratory tVequency, 
but can be accurately measured. This shift, together with the shape of the spectral line can 
he analyzed to give clues about the teniperuturc and gas motions ///.v/c/c the molecular cloud. 

These shifts also complicate the problem of identilVing interstellar moltjcules. With 
more than 100 lines of dozens of different species already observed, the identification of 
new interstellar species is only sure when confirmed by u second line or isotopic form (e.g., 
*2C0 and ^ ^COl Several radio interstellar lines liave been observed tor which no matching 
laboratory spectrum has been found, such as the XSmihii line of X-ogcn (figure 8). These 
unidentified signals probably come tVom unstable molecular species not yet studied in the 
laboratory, suggesting that conditions in interstellar space lead to some unusual chemical 
compounds not known on Earth. 

After an interstellar hne is assigned to the molecule responsible, what else can be 
learned from the spectral 'fingerprint'' itself about the abundance of that species and 
physical conditions in the dust cloud? Tlie intensity of absorbed or emitted radiation, as 
measured by the depth or height of the spectral feature, can oFten be directly related to the 
number of absorbing or emitting molecules in the line of sight to Earth. Typ'ml coluinn 
densities of interstellar molecules are found to be in the range n(molecule) - 10^^ - 10-^ 
cnf which corresponds to a volume density of 10"^^ cnr^ in a cloud of hydrogen density 
nil ^ ^ 10"* cnr^ . To illustrate just how thin the molecular soup in interstellar clouds really 
is, imagine that on your journey through interstellar space you decide to quench your thirst 
with water collected from a nearby dust cloud. Even with a bucket two meters across, you 
would have to sweep through the cloud at the speed of light Ibra whole year just to collect 
a single drop of water. 

Whether un interstellar molecule will emit or absorb the surrounding radiation depends 
on the temperature of the molecules compared with tlie temperature of the radiation. For 
example, the molecules observed in figure 4 are very cold (T ^ 3 K) and hence absorb the 
light of hot stars fT « 10,000 K) shining through the thinner clouds. In the radio range, 
however, the molecules are usuully detected in emission. This is because the molecular 
temperature in dense clouds is nearly the cloud temperature, which is always greater Uian 
the cosmic radiation temperature (3 K). 
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How ilo niolecuk's pel (Vcini ntic cnurgy lovcl to the next iiiulcr intcrstelhir coiuliiioiisV 
The escitaliun of iiitcrHtulhir niolofiilcs is hirgely iluterniinuLl hy ilio coinpeliny effects of 
cullisicnis with thu interstclliir gas (iiiuslly Upland the ahsorpticui uiul eniissiuii uf ratliutioii 
fnuistly starliuht und the ct^sniie inierowave radiatinii ), It is a tiiiiMimvar between eoIliHiciiis 
and radiatioii lor eontrul of the niuleeules, 

Siiiee each niolecular species has its nsvn pattern {ifeiieruy levels and rales nf ehaiiging 
levels, eueh speeies is affeeled by the eoiiditioiis in the ehuul iii itH own way. This nuikes the 
analysis (if sjicetra hke those in fiiiiire 8 veiy diffieiilt. Init also means thut eaeh nioleeule 
sei-ves as an iiidepuiuleiU [n'cihe of the elcnRh 
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Figure 9 - The shapes of several of tlie known Interstelhir molecules. Tliese geonietfies wt:re 
deterjnined by laboratory spectroscopie nieasurcnicnts. The lines between atoms 
represent eheniical bonds of length about 1.5 A. F3xtra lines represent the 
stronger double f=) and triple fs) bonds of ''unsntiirated'' species. 
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With incruLisiiiu density, (lie L^dllisions begin lo win llw llglil with radiution for conlrnl 
of the nioluciiles, hi tliis cusc tlic tempcrulinv of tho niolccules upproauhcs the kinetic 
teinp^^nitiire oi' the iias, I'ur exiunple, the X2.4-niin eniiHsitm signuls n( interstellur carhon 
inonnxide are now being used as a ''tliernionieler'* lor nieasLn-inu the uas teniperuture In 
inicrstehar eUuids. At sulTleienlly hiiih iias density, eoHls; )iis are lVec|iieiit enouuli to ninke 
the moleuukir temperature et|ual to the gas leniperature. This equilibriuni ease Is ec^ninion 
on l-arth but quite rare in tlie inlcistellar clouds. 

At tlie other extreme, in elouih-* ol" very Itnv deuhity, eollisions wiili hydrogen are so 
riuv that the riidiation wins out and the iiioleeular teiiiperatiu'e eonics uh>se to 3 K. In this 
way the spectra of the luoleeule CN digure 4) provided a direct nieasurenient of the eosniie 
niicrowave radiation. 

Most iiu^ieeular signals correspoiul to the intermediate ease in which the competing 
ericets of collisions and radiiition are about equah A niolecule in an exeited rotational state 
spontaneously emits a microwave plu)ton (typieally once a month ) in the downward 
transition to a lower energy state. Some molecules have longer lil'etinies in the excitetl states 
than others, which means that less freciuent collisicins with the gas are reciuired to keep them 
in tlie excited state. The gas density at which molecules are knocked into the first excited 
slate just as last as they span tan eously return to the ground st^ite is about one thousand 
hydrogen niolecules per cubic centimeter lor carbon nioiioxide and more Ihun one iiiillion 
per cubic centimeter for hydrogen cyanide. 

Several interstellar moleeules absorb and emit radiation in a very strange manner, as if 
their temperatures were far tYom ecjuilibrium with either the temjierature oT the gas in the 
cloud or the sinTOunding radiation. The most spectacular examples of this weird behavior 
are interstellar water fUjO) and lormaldehytle (II^CO). The water signals are very intense 
and probably come from the hot and dense cores of interstellar clouds, already collapsing to 
form new stars. While most nioleciilar signals come trom ditTuse elouds light years aeross, 
the water emissions pinpoint hot spots oTten smaller in size than our solar system^ llickering 
utT and on From week to week, often brighter than the sun, All these properties mark the 
water emission as the result of u celestial iiwscr (Microwave Amplification by Stimulated 
Emission of Radiation), the longer wavelength cousin of the laser. The water emission 
received from the center of the molecular cloud in Orion is shown in Hgure 10, 

In contrast to these super-hot emissions, the X6-cni absorption line of formaldehyde 
(11^ CO) is super-cokU less tliun the 3 K temperature of the cosmic buekgroimd radiation. 
Fornialdehyile is a cosmic refrigerator, trying to cool down the universe. 
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COMPREHENSION QUESTIONS 



What is the Dopplcr cnVct? What kiiuls of niotion prodijcc this effect in the spectra of 
interstelhir molecules? 

(See Cilossary for definition. ) Rotation of Earth, revolution of Barth about Sun, and 
rotation of the Milky Way produce the Doppler eflect in the spectra of interstellar 
molecules. 

What are the two c(Miipeting effects that determine the temperature of an interstellar 
nioleeule? 

Radiation anti collisions with 11^ » 

Name a molecule which is a useful thermometer lor measuring the temperature of 
interstellar clouds: one useful for measuring the cosmic 3 K radiation; and one uselul 
for measuring a ''super-hot'' molecule. 

Carbon monoxide; CN; H^^O. 
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CHAPTER VII 



CHEMISTRY IN SPACE; TRYING TO EXPLAIN WHAT WE FIND 

Tliu tliscuvery of vast iiUurstclkir clouds of iimmonia, tbrmuIJuliyclc. uiul water in the 
lute 1960s was totally unexpectetl by nearly all astroiiomers ami chemists. Since that thnc, 
the pace of new iliseoveries of molecules in interstellar clouds luis kept far ahead of any 
satistuctory theories which explain these obsei'vations. Belbre considering ways of making 
and breaking interstellar molecules, let's try to get a^general picture of the nature of the 
inrerstellar chemistry tlirectly IVom the astronomical ubservutions: which kinds oT molecules 
are found, which are missing? 

Look again at the list of observed interstellar molecules (table VI). The predominance 
of carbon^containing species is clear. The organic molecules observed are generally more 
abundant than the inorganic molecules (figure 10). Although molecular forms of silicon 
(SIO) and sulfur (OCS, CS, 11=, CS, and SO) are observed, such hiolecules represent only a 
tiny fraction of the available cosmic abundance of these elements. For example, less than 
one silicon atom in ten million is Ibund in the gaseous form of silicon monoxide (SiO), 
compared with the silicon atoms boimd as silicate minerals in the solid particles of 
interstellar dust. Tlie different kinds of atoms making up the observed interstellar molecules 
include II, C. N, 0. Si, and S. Attempts to detect molecules containing other heavy elements 
(F-e, Mg, and P) have not yet been successfuh Ultraviolet measurements from orbiting 
satellites indicate that, even in the low-tlensity regions between the dust clouds, these 
heavier elements are missing from the iiiterstellar gas and probably have been captured by 
the clust grains. 

The most abundant molecule in dense clouds is hydrogen (Hj), which is at least one 
thousand times more abundant tlian carbon monoxide (CO), Carbon monoxide, a very 
stable molecule in interstellar clouds, is about one hundred times more plentiful than the 
sum of all of the remaining interstellar molecules together (figure 1 1). This means that most 
species are very scarce relative to hydrogen. For example, there is about one Ibrmaldehyde 
molecule lor every hundred million hydrogen molecules. Interstellar carbon is bound up in 
molecular Ibrm to a much greater extent than any of the other heavy elements in space. 
Nearly one tenth of the available carbon is observed as carbon monoxide. Comparable 
fructions may be in the Ibrm of methane (CH^) and carbon dioxitle (COj). However, these 
two molecules have no identitying radio ''stations'' by which they might be detected in dust 
clouds. 

In contrast to carbon, less than one percent of the other heavy elements is found hi 
molecular fornu In particular, the fraction of cosmic nitrogen in obsei^'ed molecular Ibrm is 
very low (e,g., NII^/N ^ 10^"^). Perhaps some of this nitrogen exists as the stable molecule 
N,, v/liieh also has no radio spectrum, 

AnQther pmzk in the chemistry of nitrogen in space is that, unlike automobile 
exhaust, the interstellar gas is free of nitrogen oxides. Not one niolecule containing a 
chemical bond between nitrogen and oxygen has been detected, although many different 
one^(NO, NO"", NNO, NO^ HNO, and HNO3) have been looked Ibr, 
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Figure 10 - The radio emissions of interstellar water (HjO) and hydroxyl (OH) from the 
core of the Orion molecular cloud. These super-strong maser radiations 
pinpoint sites of starbirth deep within the cloud. Compare the complex pattern 
of HjO and OH emission at different velocities with the simple velocity peak of 
HCN in the same source (figure 8). 
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Figure 1 1 — The abundances of several interstellar molecules with respect to carbon 
monoxide. Also shown is the ■'expected" abundance if molecules formed in 
proportion to the product of the cosmic abundances of their heavy atoms. 



Another clue to the way chemistry in space works is presented by the distribution of 
different species. Which molecules are found where? In general^ the abundance of an 
niterstellar molecule depends strongly on the conditions in the dust cloud: temperature^ gas 
density, and the intensity of the surrounding radiation* Dust and molecules go together. 
Molecules are not found in the unshielded regions between clouds. The size of molecules 
depends on the density in the cloud. Simple^ unstable molecules are observed in the clouds 
of lowest density; larger, more stable species are found in the darkerj denser interstellar 
clouds. The densest clouds harbor the most complex specieSs some of which have only been 
detected in the massive clouds near the galactic center (figure 2). Molecules detected 
throughout the galaxy (OH, CO, and HjCO)^ are found to lie closer to the thin plane of the 
Milky Way than does the hydrogen gas. In general^ abundance decreases only slowly with 
increasing molecular complexity* Large molecules are nearly as abundant as simple ones, 
This suggests that even larger molecules will certainly be detected in the future. 

Ways of making and breaking interstellar molecules can be divided into two types: (1) 
chemical reactions in the gas phase, and (2) reactions on the surfaces of the dust grains. Two 
comments apply to either type, 
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First, the only important reactions in interstellar clouds are those which can occur 
spontmicously at very low teniperaturcs. For example, reactions between free radicals or 
molecular ions occur on every collision without requiring any starting (activation) energy, 
even at interstellar teniperatures of less than 50 K. Second, the production of interstellar 
molecules must be *1ocal/' This means that species must be Ibrmed in the dust clouds where 
they are observed. Molecular formation occurs much more easily in the warmer, denser gas 
surrounding an emerging young star or in the outer atmosphere of the older stars where tlie 
dust grains are made. However, it's unlikely that molecules formed near stars could survive 
the million-year journey through the harsh ultraviolet rays of interstellar space to the shelter 
of the dust clouds where we find them. 

Simple diatomic molecules can tbrm directly when two atoms collide. Usually the two 
colliding atoms just bounce apart again without forming a molecule. One time in a million, 
the atoms stick together. In this process (^^radiative association"), the new molecule is 
stabilized by sending off energy as a photon of light. In the thin clouds where this process is 
important, atoms collide with each other only once a year on the average. So the overall 
processes a very slow way to make molecules. An important molecule formed in this way is 
CW (CT + H ^ Cfr + photon). The CH"^ molecule then collides and exchanges with other 
atoms in the interstellur gas to form more stable species (CH^ + O^CO + ir)" ^' 

How molecules are formed in dark dust clouds is not well understood. We do know 
that inside such clouds, the hydrogen is in the less reactive molecular form and that no 
ultraviolet radiation is available to promote chemical reactions. One theory is that 
higl^energy cosmic rays passing through these dark clouds ionize the hydrogen (H^ ^ H^ + 
e^). This ionized hydrogen is quite reactive and can lead spontaneously to the large 
molecules found in such clouds. (Hj + H, + H/Hj + CN ^ H.CN^ + H/HjCN^ + e^ 

HCN + H), Reactions of this type, witfi at least one partner having an electrical charge 
(ionized)j are called ion-molecule reactions. 

Interstellar molecules may also be formed on the surfaces of dust grains, which sweep 
up atoms from the gas in sticking collisions. These captured atoms and molecules find each 
other on the grain surface, react to form new molecules, and eventually escape again to the 
gas. This process (grain-X + Y ^ grain + XY + energy) is probably responsible for the 
Ibrmation of interstellar hydrogen molecules (X - Y = H), and probably OH (X = H, Y = 0). 
The great drawback in such a schenie is the almost completely uncertain nature of the 
grains, especially their surface properties (pitted or smooth?) and composition. Are the 
attractive forces between the grain and the attached atoms weak (physical adsorption) or 
strong (chemical adsorption)? 

The grains may even act as analysts, promoting reactions between interstellar species 
that would not otherwise take place. In laboratory experiments using a catalyst of ground 
meteorites (probably similar in composition to interstellar grains), simple molecules (CH^, 
NH3 and HjO) have been converted into many of the same complex species observed in 
space. 

An important problem with all reactions on grain surfaces is how to get the newly 
Ibrmed species off the grains again and back into the gas where the interstellar molecules are 
observed. 
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IIuw arc intcrstelhir inuIi^cLilcs Llustruyud? In unsliieUleLl interstellar siKiec, most 
molecules would be destroyed hy ultruviulct ralliiitiun within li tew hundred yeurs (for CO. u 
few thousand years). This "ultraviolet lifetime'' incrcuscs rapidly with increasing depth into 
the protective dust clouds (figure 1 2), Fur dark clouds in which more than 99 percent of the 
starlight is blocked, molecules can survive more than a million years, close to the lifetime of 
the cloud itself. Molecules in the centers of such dense clouds can only be destroyed by the 
high-energy X-rays ur cosmic rays, or by reacting to Ibi ni new ^K'CicH, - ^ 

Int\)rstellar niolecules can also be removed Irom the gas by sticking onto the grains. On 
the average, u molecule in the gas will collide with a dust grain every 10^ years in a cloud of 
density nn ^ ^ 10^ and temperuture T 10 K. 

Which formation theory agrees best with the observations? One important difference 
between the theories is that molecules lornied on grains are expected to be hydrogen-rich 
(''saturated"), when^as molecules Ibrmed in the gas by it)n-moleculc reactions are expected 
to be hydrogen-poor ("unsaturatecr'). We can arrange the interstellar molecules in families 
or sequences according to tlieir hydrogen content (figure 13). Included in these sequences 
are molecules searched tbr but not yet Ibund in interstellar space. The result is clear: 
interstellar space tavors hydrogen-poor molecules, despite the overwhelming cosmic 
abundance of hydrogen. Sequences of cheniieally related molecular species (figure 13) show 
that unsaiumtcd molecules (e,g., H C ^ N) seem to be nivored over the corresponding 
saturated species (e.g., CM. - NH^). This trend is surprising at first, since each molecule 
might be expected to grow^ by adding hydrogen stepwise (e.g,, CO + II ^ I ICO. HCO + H 
H^CO, II^CO + ^ Cli30H), especially in view of the enormous overabundance of 
hydrogen. This chain, which saturates a multiply-bonded species with its full complement of 
bonds to hydrogen atoms, is predicted to be an important mechanism tbr the chemistry 
occurring on the surfaces of the dust grains. Most of the observed molecules are not 
saturated; this suggests that other mechanisins are more important. In particular, gus phase 
reactions of the ioihfnoleculc type do predict the observed predominance of unsaturated 
species. Unsaturated bonds are stronger than suturatetl ones, which means that niolecules 
like H C m N can survive harsh radiution fields longer thaii can the eorrespoiuling 
saturated species, CH^ NH^^ The observed interstellar abundances must certainly reflect 
the balance of formation and destruction for each species, a kind of natural selection, or 
"survival of the fittest/' 
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STARLIGHT BLOCKAGi (%) 

Figure 1 2 - The lifetimas of interstellar molecules before being destroyed by ultraviolet 
starlight. Notice that in unshielded interstellar spacer most molecules would 
survive less than 100 years. In a dust cloud of moderate density, one in which 
the starlight is 95 percent blocked^ the molecules might last more than a million 
years. Note the longer Hfetirne of CO, a molecule very abundant In clouds. 
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PATTERNS OF OBSERVED MOLECULES 



iNCREASING TEMPERATURE OR ENERGY. 
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Figure 13 - The prevalence oF ^'unsaturated'' over "saturated'' molecules in patterns of 
related species observed or not observed in interstellar clouds. MQlecular species 



within the symbol ^ > are observed, those within the symbol 



have been looked for but not found, The trend is clear: for a given sequence of 
molecules^ the unsaturated (hydrogen-poor) ones are favored over the saturated 
(hydrogen^rich) ones. Question marks indicate a possible detection and no 
symbol means that no interstellar search has been made. 
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COMPREHENSION QUESTIONS 



Qi What are the two most abuiulant interstellar molecules? Which four elements occur 
most commonly in the observecl molecules? hi life? 

A- H, and CO: H, C, and O, H, C, N, and 

Q: What are the important physical conditions in interstellar clouds that determine the 
abundance of molecules? 

A: Temperature, density, and radiation, 

Q: Name three ways of making and three ways of destroying interstellar molecules, 

A: Formation may be achieved by radiative association, ion-molecule reactions, or 
reactions on grain surfaces. Destruction may result from ultraviolet radiation, IVeezing 
onto grains, or chemical reaction. 
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CHAPTER VIII 



INTERSTELLAR MOLECULES AND OTHER AREAS OF ASTRONOIVIY 

One of thu most interesting upplications uf our recent knowledge of iiiterstellar 
chemistry luis been the use of thu nioleuulur signals from interstellur clouds to study the 
birtli of new stars. How doesu dust cloud become a stur? Before interstellar inolecules were 
kncnvn, a^trononiers could only make theoretical models to describe the gravitationul 
cpntruction of a cloud to Ibrni u pre-stur C'protostar''). Now, with the aid of the molecular 
signals from the cloud, ustrunoniefs cati watch the process of star-birth directly. By 
comparing the appearance ("line-width" and Doppler shift) of different molecular lines, 
astronomers can trace the growth of the densest cores of tlark clouds, cores which will soon 
light up as uxw stars. 

InterstelUir molecules and new stars go together, since the densest clouds, vvhere 
molecules are most easily Ibrnieil and survive the longest, are also the regions most likely to 
contract gravitationully to tbrni new stars. The evolutiun of thin clouds to dark clouds to 
pro tost a rs is paralleled by the evoUition of molecides from simple diatomics to the larger 
polyatomic species foiind in the tienscst clouds. 

The most diffuse interstelluf clouds, those with temperatures near 100 K and gas 
densities from 10 to 100 hydmgen atoms per cubic centimeter, contain only simple 
diatomic molecules (figure 4). In the denser and darker clouds, which have lower 
tenipierature (5-20 K) and higher density dm ^ s 10^ -~ 10"* cni"^), radio ^mission from 
more complex molecules like NM^ and CO has been detected. These massi>|e dark clouds 
are gravitutionally unstable and already collapsing to form very compact Condwsations 
called globules (figure 14), It is thought that globules contract to form protostars, compact 
regions of greatly increased tenipurature and density, which appear as hot spots of infrared 
emission located within the cooler siirrounding gas. These hot spots will soon become new 
stars. Within these protostellar cores, the temperature (T 500 K) and density (nnj ^ '0^ 
cnV^ ) are great enough to produce the spectacular water maser signals, as. for example, in 
the Orion cloud (figures 6 and 10). Interstellar clouds where HCN has been observed have 
densities of more than a million hydrogen molecules per cubic centimeter and will probably 
become new stars within the next niillion years. 

Some regions of the Milky Way are found to be ''star hictories," places of active and 
continua! star formation. These regions of star birth contain interstellaj clouds with 
densities of thousands or even niillic^ns of hydrogen molecides per cubic centimeter, and 
have u total mass of more thun a million Suns. The temperature and density within these 
superclouds are sufficient to allow the formation of a great variety of complex molecular 
species (CH^OH, HC^N, and CH^CN). These massive molecular clouds are often next to 
giant ''Hll regions/' hot regions of glowing ionized gas surrounding bright young stars. 
Examples of such massive molecular clouds are Orion (figure 6) and the molecular source 
near the Cone Nebula, NGC 2264 (figure 1 5). 
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MI 6, n coniplex region oT ionized unci neutral gas. The small, sharply derineci 
clumps are dunse, compact dust clomls callcci globules. (Hale Observatory 
photograph) 
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glire 1 5 The com nebiiUi, NGC 2264. Near the tip of this cone, raclio astrononiurs have 
ruuiul i\ dense moleeuhir cloud with a protostelhir core. This region is similar to 
the Orion cluud (figure 6) and is likewise rich in intursienar moleeules. (Hale 
Observatory photograph) ' * 
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The richest molecular source known is u gipntic cloud of gas aiid dust neur the very 
center of the Milky Way {figure 2). Nearly every known interstellar muleeule eun he 
observed in lliis cloud, and some have been detected only in this cloud. 

Interstellar moleeules are helping us learn not only about the life cycles-uf stars, but 
also about the shape and motion of the Milky Way itself. The niussive dust clouds, unknown 
before the discovery of interstellar molecules, provide sonic of the ''missing nmss'' needed to 
explain the observed speed at which the Milky Way spins about its center. The widespread 
distribution of some molecules (OIT CO, and H^CO) thrtjughout the galaxy is now allowing 
astronomers tg make molecular maps of the structiire of t\w Milky Way. These maps 
measure tegions of high density and low temperature which coniplenient theniaps made In 
the X21-cm radiation of hydrogen atoms. Molecular signals are also being used to probe the 
unLisual motions of dense gas at the very center of the galuxy, where fantastic explosions 
may be occurring. 

The molecular observations also have improved our understunding of the nuclear 
history of the interstellar matter. All the heavy elements and their isotopes are produced in 
the recycling of the interstellar material through stars every billion years or so, Tlie isotopic 
ratios, especially '^c/^'C and ^^N/'^^N, tell us which kind of star processed the matter 
most recently. The interesting result of ineasurements of isptopic pairs of niologules (e.g., 
^ "Co anil ^^CO) is that the isotopic abundance ratios all around the Milky Way are about 
the same as here on Earth (table VII), This means that the stellar history of the interstellar 
matter is very similar throughout the galaxy or that the Milky Way is very well stirredaiuite 
an unexpected result. 
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The lust upplication of intersteJIar molecules we discuss involves a question that has 
brought togeiher astronomers, chemis^ts and biologists, namely, what do the observed 
interstellar molecules say about the origin of life in the universe? 

The kinds of molecules observed in interstellar space are strikingly similar to those 
produced in laboratory experiments designefl^tb simulate the conditions of the curly Earth 
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before life began about 3. 5 billion years ago (table VIII), In the famous Miller-Urey 
experiments {1953), amino adds were produced by an electrical spark in a mixture of 
simple gases (HjO, NH3 CH4, and Since then, an impressive array of '^prelife" 
molecules have been found to form under conditions designed to simulate the early Earth 
and the pmsolar nebula (the early dust cloud which later formed our Sun). In 1970,^ 
chemists synthesized amino acids in the laboratory by simply heating a solution of NH3 and 
H,CO! 
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Table VUI 

Comparing the Kinds of Molecules Identitleci in Interstellar SpucQ with 
the Kinds Produced in Luboriitory iLxperlments of Prc-Life Chemistry 



Space 



Laboratory 



V 



Molecule 



lICjCN 

MC2CII3 

NH^CUO 

HCOOH 

CH3COOII 



Amino acids 

Sugars 

Porphyrins 



Space 



Laboratory 



V 



Of the interstellar molecules observed, the species most important for '*pre-life" 
chemistTy include water, ammonia, tormaldehyde, hydrogen cyanide, and cyanoacetylene. 
Formaldehyde (H^CO) is known to polymerize to form various sugars essential tor life. The 
molecules hydrogen cyanide (HCN) and cyanoacetylene (HC3N) are the key starting 
materials in the spontaneous formation of the basic building blocks of the nuclei acids. 

Most of these ''pre-life'' syntheses have two essential features in common: firsts simple 
molecular forms of C, N, and O as starting materials in a rmlucmg (hydrogen-rich) 
atmosphere, and, second, a source of energy. Despite the vastly different ranges of density 
and temperature, these same conditions apply to the interstellar dust clouds. One Important 
difference is luiuid water, usually included in these laboratory experiments as representing 
the oceans, but missing from the interstellar environment. Remember that the early 
atmosphere of the Earth was different before life arose rich in hydrogen, with no 
molecular oxygen and no ozone (O3) layer to keep the Sun's ultraviolet rays from 
penetrating to the ground. Conditions are similar in upper layers of the present-day 
atmosphere of Jupiter, which probably contains many of the same molecular species 
observed in Interstellar clouds. 

It's also interesting to compare the kinds of molecules found in interstellar clouds with 
the kinds of molecules produced in the dust cloud which contracted to form our ov^n solar 
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system. Perliaps iliu host record dI' this |ni'-H;irtii du'niislrj' is in the ruriii of nu'tL-aritL-s ;iikl 
coiiiois, Some niu'tcnrit.'s, especially llioso of die eiirboii-rich type ailluci au'hmm'ajm 
difiiulriu's, have iH'eii i'ouini to eontaiii niuny ini|)ortiiiit pre-lilo nioifctilL's, Among tlujsc 
reccmly t'oiiiul in meteorites ;ire most of tliu iiinino acids, litiuid IbriiuiiUcliyclu, iiiul liirw 
|H)rp}iyrin-like inokviiles, Comets, whicii eanie Ironi very l';ir out in cnir soijir NVHteni. iiiuy 
uHituiii the piirust reLurd u( tlu' clu'iiiieiil luilurw iif llic presolur dust eloiid, Many afthe 
nideculur spedes observed iii eujiiets are tlie s;iiiu' ;is lliose Ibiind in intersteilur ckjiids 
(luhk- V), Otiier eoineiary siu'cii-s k)c3k lilsL' rciictivu I misnu'nts utdiirgcr inolceules. IMLisled to 
liiei'es liy tlie Sun's rudiLitinn, 

Tlic siniilarity oriiiuk'ctdiir spceii-s I'oiiiid in iiiterslullar eloiids. nietcurites. ;iiul cQincts, 
unti in labonitdry espiTimA'nts in "paHilc" chemistry, is strii<iiiii. It seems that inlfrstelliii' 
eltitids gontain the starting matt'rials for iitl- even lx'l\irc tiiey contrad to form new suns. 
Tile ciiemistiy wliieh le;ids to lil'e cjii Earth appears tu be the niitiird and praliabie clieinislry 
tliroii^liout the Milky Way. If life liasevcjlved elsewhere in tlie gakixy. it nnist be based on a 
siin iiur eheinistry , 



COIMPREHENSION QUESTIOISIS 



Q: 
A: 



What is a pruiustar and how cm it he itlentilk-d in space? 

A protDstar is a new stiir Just forniing at the eeiiterora coiitraeting intersteliiir cloud, 
ft IS iisuully seen as a hot spot of" inl'rared radiation and maiecular emission, espeeiiilly 
wlifn it produces tlie water niaser, 



Q; Name tlirce appiieatiuiis of llic study of interstellar rnalecLdes to other ureas of 
ustroiioniy, 

A: The early .stiipes of star fornuition; the .strucmm and niotiDn of the galaxy; and the 
history of the reeycJiiig ol' iiiturstellar matter throiigh stars. 

Q: Nanie five interstellar moleciiles considereci by biocliemists to bo importatit for the 
origin of lil'e. 

1 

A: HjO. NHj^ HjCO, MCN,atid HC3N, 
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EXERCISES AND PROJECTS 



DEMONSTRATIONS AND PROJECTS 

1 . Cenducting a field trip to a nearbv planetarium. 

2, Finding 1h€ interstellar dust clouds for yourialf. On a cleiir, moonlass winter nighty the 
Milky Way and the clouds of interstellar gas and dust can be easily seen with the 
unaided eye (figure 2) (Why is the dust in the plane of the galaxy easier to find that 
that out of the plane?), The region near Cygnus the Swan is especially favorable for 
observiition, In the dust clouds in this direction radio astronoiners liave found H^O^ 
OH, H2CO, CO, and NH3 , eacli identified by its characteristic radio radiation. Another 
important and nearby (1200 ly) molecular cloud is behind the Orion nebula (figure 6). 
Locate tlie Orion nebula in the winter sky; this is possible ^^Ith the unaided eye, but is 
easier with binoculars or a small telescope. Behind the glowing gasei is an enormous^ 
dense, and cold dust cloud, which has been found to contain an abundance of different 
molecules as wdl as several new stars just starting to form, 

3* Constructing crossword puiiles. Have studeiits construct crossword puzzles of 
unfamiliar words in this unit, 

4* lllustritirg interstallar douds. Show filnHoop or time-lapse sequence of development 
of cloiids in our atmosphere. Have discussionj comparing atnioipheric clouds with 
interstellar clouds. 

5* jllustratiiig dersity of inttrstallar spaca, Let the classroom represent one cubic 
centimeter of interstellar space. Then let a fine pencil dot (or width of one hair) 
represent one hydrogen atom. This compaTisonj one dot per classroom ^ represents a 
very dense interstellar cloud (n^^ ^ 10^ cm"^), about lOOO tinies more dense than 
av^erage interstellar space, 

6. Tracing intiritellar clouds, Have students draw in the spiral arms of the Andronieda 
galaxy by tracing the dark dust lanes (figure l);they niay also trace the ouflineof the 
obscuring dust clouds in Sagittarius (figure 2); and find the black specks ("'globules") 
in Ml 6 (figure 14), More advanced students may try the laboratory exercises (see 
references to H. Kruglak^ Chapter X) on dust cloud distance, 

7, Playing a gam§ to make molecules in spice- In a bo3<j place at least 100 ^vhite marbles 
(hydrogen), 7 blue marbles (oxygeai), 3 black marbles (carbon)^ and one green marble 
(nitrogen). Mix well The '*atoms-' in the box represent the rela^^'Ne abundances of 

Q and O in interstellaT space (except that we have reduced hydrogeii 10- times to 
save marbles). TTie game is designed to show what kinds of moleculei would form in 
random collisions in a gas of this mixture, Have a student draw two marbles from the 
box^ repiesentiiig the formation of diatomic molecules. Notice that tw^o white marbles 
(H^) are drawn almost every time^ and very rarely do moleculai without hydrogen 
form (CO, CN, etc.). If the class has a chemistry background, the game can continue by 
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allowing each nujlL-cule lonnctl (pnir of ninrblw ilruwii) lo continue to groNV (Jruw 
more jiiurbles) until '•stubiu"' mylecule.s arc ibriiU'd (Cil^, NIT, II, O, ami H, ) 
c'aiiipiiie till' list ofgimio inok-cuk's iiuidi with the oba-rved in tcrstcUiir list ((able vV), 

8. Makina balLand-stick models of interstellar molecules (suu table V I uiil! rigurcr 9 ), 

a Illustrating "activation" or startirig energy for chemical reactions. Colk-ct livdrawL-n 
and oxyiccii i:;is by ck-ctrolysis al' mlcr. Mix the yiiscs and note lliat iialhiiigu'apptJns, 
Applysiuirk, Discliss, For unotiitM' uvsunipic, strikL- u iiiatuh to nuiku it I iglii. 

10. Illustratirig the potential energy between atoms and the change frorr potential to 
kinetic energy as the atoms approach each other. Two l)a|ls(or better air^carts on u 
track luttaciied by u spring may bt> usl-cI to itMirciunt gravitut ioiml atlniLMion. Separate 
aiiLl rck'asi'. Relato to L-oiilracliun of iMtcrslellar ckmcls. To show liow (lie oiiuray ol' 
motion becomes heat, iiieasuru teiii peraturc diange in a bug Qriead shot, droiHml 
SfJvurul times I roni a iieiglit of' huvctuI rneters. 

11. Discussing the conversion of radiation into heat. Conduet the di.seiission in the ccnitext 
ot ( I ) warminj. yourseir near a eamptlre, ant! (2 ) cookinM vvitili a mieruvvavc oven. For 
an aiuiiogy ot the eluinie in tliu lotiitiunui motion nr inobcLiles by absorl^iiig radiaiion 
sliino liglit on iinidiomuter. Discuss. 

12. illustrating the resonance behavior of two luring forks. Disuuss in iL-hitiun to maser 
action ol wutiT nioiuculus in spaee, 

13. Discussing how a radio works. Explain I unv difTe rent ehannds (t-.g., rock , classical) ure 
"tuned in" at different vvavcleiigtlis, Relate to tile "radio stations" of cliribrent 
moleculfs. 

4. Demonstrating how Interstellar dust blocks starlight. Fill a bell jar with sinckc to 
simulate an inteisteliar cloud. Shinu a nurraw bearTi of wfiite light tiirouiJli the sinoke in 
a darkened roam. Note the eliange in color of the emerging light. The effect is t;v«n 
better ^hcn viewed first througli red and then blue filters, Another way to make 
"smoke" is to put a few drcjps of silv^er iiitrLite in a beakerof tap wuter, 

5, Explaining the Doppler effect. Discriss the ciiange in pitch of passing car horns. Use a 
rii5i)le tank and vibrator to make water wiives, or altemativuly, a pyrux tray of %vater on 
an overhead projector. 

B. Describing the nature of interstellar space (cieative writing exercise). Imagine you are a 
hydrogen utora drifting through an interstenar cloud. Describe your experience. 

7. Relating Interslellar moleculis to lift. iMuku a wall chart conipuring molecules 
important for life with those already found in space. Discuss the nature of life and 
iraphcations ol the discovery of "prelife" molecules in space for the possibility of life 
elsewhere. 
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iXERCISES WITH ANSWERS 



1. Give tliL? cleutranuignetig speutrum frum gainnui rays to radio wuven, tliu wavelengths in 
each unurgy raiigu, unU the corresponding kinds of nialecular niotiuii. How well does 
the mdiution at each wavelength penetrate the Eartirs atniosphere or un interstellar 
diist cloiid? 

2. Coinpure the iiiterstelhir dust grains (size, shape, temperature, and ehemicul uoinpOBi- 
tion) of (1 ) ineteorites, (2) comets, and (3) the Earth, 

3. Write u report on U.S. C'Viking'') and Soviet pUnietary probes, eniphasiziiig the 
lit'e-sensing t*xperiments. 

4. Read the science nction novel. The Black CUmd, by tlie astronomer Fred Hoyle. On 
the basis of wliut you now know about the pliysical and cliemical nature of interstellar 
eloLids, tlisuuss why you think life could or could not exist there. 

a A gas molecule in a typical interstellar cloud (radius lOly (^10^- cm) and ps 
teniperature 50 K) is moving with a velocity of about 1 km s. How long will it take to 
go ucross the entire cloud? 

a The energy levels of simple diatomic molecules like CO are given by the formula 



where E is the energy, B is the rotational constant of the molecule, and J is the 
rotational quantum number which labels the various levels - the lowest or ground state 
(J"0), the first excited state (J ^ 1), etc. The molecule CO was first found in 
interstellar space by the radiation emitted in the transition from the J^l to j = 0 
level. If B = KO cm"^ , what is the energy of this transition in cnv^ , in terms of degrees 
Kelvin (1 cin"^ ^ 1,4 K)? 

7, Consider an ideal molecule with only two energy levels. The dots represent relative 
nunibersof nioleeides in each leveL 



(a) Which distribution of molecules represents the lowest temperature? 

(b) Which Nvill appear in maser emission, which in nbsorption? 

(c) Which population indicates a temperature closest to AE? 

(d) Name an interstellar molecule whose spectrum indicates a population like A.^ and 
one whose spectrum indietites a population like C. 



E ^ BJ (J + 1) 




upper 



AE = E(upper) E(lower) 



lower 
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L As an uxainplu of thu Dnppler etTcct, uunsidcr lluit ^^u ure localud at position (B) in un 
ideal plaxy in which all the matter moves in perfectly eircjular orhits ahaiit ihe galactic 
center (A). If we detect m interstellar moleeulij in a gm cloud in the eenter tA ), svliiit 
vvould be the measured velocity ofcloLul (A) with respeut to uiir positiun (Dl? Answer 
the same question tV)r the measured vel()city of a source (D located further rroni llie 
ci^nter than we are, hut that A, B, and C Ibnii a siruiglit line. 




SIDE VIEW TOP VIEW 



AMSi/VERS: 

1. Reler to figure 3. Radiation of wuvelength X > 1/i can penetrate dust clouds, R^idiatian 
with wavelength decreasing ("rom the visible is increasingly blocked by the dii^^t ( figure 
5). Only when the energy becomes very high (E > I OO Me V) can radiation and cosiiiic 
ray particles penetrate the densest dust clouds. 



2 





Dust Grains 


IVIeteoritei 


Comets 


Earth 


si/e 


10-^^ ^ 10^^ cm 


10^^ - 10- cm 


1 - 1 0 km 


2 X km 


shape 


(?) Irregular 


(?) hregular 


(?) ^ RountI 


Round 


temperature 


10^20 K 






300 K 


cnni position 


,^ Silicates, Fe 
organic shell 


Silicates, Fe 
orgaiiics 


Ice balU 
organics 


Rock core 
organic shell 



Tiie outer layers of metuorites bocome quite hot (> 10^ K) during their fall througli 
the atniosphere; inner parts remain cooler. Comets are cold « 50 K) until they 
approach the sun, which heats them and evaporates materiul to tbrm the tail. 



3. 

4 Despite organic molecules observed, life is unlikely in dust clouds, v^^i^ lack liquid 
water (essential for life as we know it) and which last only 10^-10^ yrs, too short a 
period Ibr self-replicntion under interstellar conditions. 
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Dislancu - rate X time 



time - 



10^^ cm 



1 km s 



105 



cm s' 



m 3 K 10^ years 



3X10'^ s/yr 



which is about the liFetinie of Ihe cloucL Of course, collisons with other molecules 
would occur in a iTiudi shorter time. 

E ^ BJ (J + 1 ) 



E(^* 0)=0 

AE^ E(J^ E(J«0) = 2(L9ciTi'M 

This energy spacing is about equal to the temperature in the coldest of the interstellar 
dust clouds. 

(a) A is coldest, 

(b) C is a maser, A wjU absorb. 

(c) B has a temperature T ^ ^E, 

(d) A: HjCO or the optical lines of CH, CN. 
C: HjO maw. 

Both sources (A) and (C) would show the same velocity, z^ro, since for the purely 
circular motion, all positions on the line ABC have no motion along that linej only 
perpendicular to it. In this case the Doppler shift is zero and the observed frequency of 
the molecular traniitlon vvlU agree with that measured in the laboratory. For an 
example in the real worlds look at figure 8; notice the measured velocities of 
interstellar HCN in th^ galactic center (which corresponds to ideal position A) and in 
Orion (which in fact lies nearly in the idialiied anticenter position C). The velocities 
are not exactly zero Or equal becausa (a) there are non-circular motions in the Milky 
Way, and (b) the Earth and these t\vo sources are not exactly on a straight line passing 
through the center of the galaxy. 



J 



E(J- 1)-B(1)(2)-3B 
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GLOSSARY 



activation energy- (see chemical reacUion). 

angstrom (A)- a unit of length eqiuU to 10"^ cm, the scale of atoms, 

carbonaceuus chondrite- a particular type of nonstony mett^orite, rich in carbon and 
carbon-containing chemical compounds. 

catalyst- a substance which promotes a chemical reactiOHj wUliout itself undergoing 
chemical change, 

chemical reaction— a process, inVQlving atoms, k\ -whicli a cheitiical bond is broken or 
formed. If the final products of the reaction are more stabli^ than the initial rcw'^^nAv, 
the reaction is ^'exothermic'' and energy is given off in the process. Exothermic 
reactions take place spontaneously unless inhibited by an energy barrier. The energy 
that must be supplied to overcome tJiis barrier and cause the reaction to take place is 
called the activation energy. Important types of reactions are aMOciatlon (A + B 
AB), the reverse - disHocation (AB A + B), and exchange (AB + C ^ AC + B), If one 
of the reactants is an ion, the reaction is called an /o/i-molecule (AB ^ AC* +B). 

circumstellar- around a star, as opposed to interstellar, between the stars. 

column density of molecules— the total number of molecules within a box of cross sectional 
area 1 cm^ stretching along the line of sight from the Earth to the celestial source (see 
number density), 

cosmic microwave background- the thermal radiation (3 K) which bathes all space and 
/ which astronomers interpret as the Doppler-shifted remnant of the primordial fireball 
from the explosive beginning of the universe. 

costnic ray particle-- the bare nucleus of an atom, stripped of all its electrons, and moving at 
I speeds approaching the velocity of light. The energy of such a particle is very great, up 
l,i to 10^^ electron volts. 

# 'Doppler effect " the apparent increase or decrease in the received frequency of an oscillating 
signal due to the relative motion of the source of .the waves and the observer. For 
electromagnetic radiation of velocity c, the fractional change in frequency (f) for a 
relative velocity (v) is given by ^f/f - v/c. 

rmiagnetic radiation- a combination of electric and magnetic field distrubances with a 
n frequency, which travels through empty space at the speed of light, 

olt (eV)- the energy an electron receives in being accelerated across a voltage 
rence of one volt. 

(see chemical reaction), 

ifi^ the absorption and scattering of starlight by the interstellar dust ^ains. 
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exlmgalactic- outside our galaxy. 

plaqtic- within our own galaxy, the Milky Way. 

interstellar- between the stars. 

ion--^ m atom or molecule {molecular ion) which has more or fewer electrons than protons, 
and wliich therefore is negatively or positively charged, Ionization, the loss of electrons 
by an atom or molecule, produces positive ions (ej,, C^, CH^). 

ion-molecule reaction- (see chemical reaction). 

ionosphere^ layer of charged particles (ions and electrons) at the top of the Earth's 
atmosphere, 

isotope- two atoms of the same element which liave different atomic weights lare galled 
isotopes of that element^ 

Kelvin-- the temperature scale so calibrated that absolute zero temperature is 0 degrees 
Kelvin, which is ^273° Centigrade or =-459" Fahrenheit. A difference of oae degree 
Kelvin is the same as one degree Centigrade. 

light year-- distance traveled in one year at the speed of light, about 1 0^ ^ cm. 

mmm- the sel^amplification of the characteristic microwave radiation of a particular 
molecule or atom.. For visible light, the same effect produces a laser (/ight Simplification 
by stimulated emission of radiation). In both cases, the effect is the same. Just as one 
tuning fork can make an identical fork resonate, some molecules (atoms) emit resonant 
radiation that stimulates other molecules to do likewise. In this way the intensity of 
the radiation is greatly ampHfied, One requirement for a maser to occur is that 
molecules (atoms) must be ''pumped'' into the upper state, from which they pass to 
tht^ lower state by emitting the resonant radiation. 

rnicron i^)- one millionth of a meter. 

Milky Way- our own galaxy. 

molecule-- chemical union of two {diatomic) or more (polyatomic) atoms. Organic 
molecules contain carbon; inorganic molecules do not. A free radical is a molecule in 
which one or more electrons are ''free'- or available to form additioiial chemical bonds. 
Free radicals are therefore very reactive. 

NGC- A/ew General Catalogue, a Hst of non-starlike objects compiled by the astronomer 
. Dr^her in 1888. 

numbar density- the number of atoms (molecules) per cubic centimeter. 

nuclear synthesis- the nuclear process in which atoms of one element are transformed into 
atoms of a different element. 

nucleic acids- the molecules DNA and RNA, which are the building blocks of the genetic 
cod^ in living matter* 
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photon - a (lUUiitum oV clectromugnetic radiation with energy Hi) given by E lif. whi^r^ fis 
the rrcqiit^ncy and li is Planck's constant. 

porphyrin - a class of large organic molecules with a coniplex ringlike strueture HUrrcHimling 
a eentral metal atom. Porphyrins have high stability and arc important in living systems 
(e,g., hemoglobin (Fe) and chlorophyll (Mg) ). 

protostur- u newly tbrming star, usually observed as a pointlike souree of intense itUfureLl 
(but not visible) nidiution at the center of a contracting interstellar cIoikL 

resonance- (in spectroscopy) the agreument in energy of a plioton of radiation wHh the 
difference between two energy states of an utom or molecule. In this ease thu phqton is 
called "resonant." 

saturated-^ a condition of hydrogen-rich molecule that has each carbon, nitrogen, or QKygi^n 
atom bonded to the maxinium number of possible hydrogen atoms. If this is ml the 
case, the nioleeule is called '^unsatiirnted'' or hydrogen'-poor. 

silicate- mineral containing siUcon, oxygen, and metal utonis, such as sand, 

solar wind - (see stellar wind). 

spectrum- the unique set of wavelengths of radiations which an atom or molecule 
characteristieally absorbs or emits. The record of one such wavelength is also Qalled a 
spectrum, spectral ''line/* or ''feature.'' 

stellar wind- the flux of radiation and fast particles which stream outward from a star. The 
stellar wind of the Sun is called the solar wind. 

spectroscope-- an instrument used to spread out (disperse) electromagnetic radiation into its 
components at each frequency (as a prism disperses sunlight into colors), and to record 
the spectrum of this dispersed radiation. 

temperature-- the measure of thermal energy (see Kelvin). 

transition- change from one energy state of an atom or molecule to a higher or lower state, 
with an absorption or emission of resonant radiation. 

turbulence-- swWing or streaming motion, as shown, for cxainple, in siorm clouds or 
rushing water in a mountain stream. 

unsaturated- (see saturated). 

wavelength (X)- the length of a wave, measured from crest to crest. 
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